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Abstract

This thesis explaored the use of two types of population models
in simulating the behaviour of laboratory insect populations. Ths
first type considered were simple analytical difference equation models,
By applying such a model to some experimental data on density dependence
in the weevils Callesaobruchus chinensis (L.) and C. maculatus (F.),
single and two-species models were constructed. The single species
models predicted stable equilibria; the two species models predicted
an unstable two-species equilibrium. Secondly, more detailed models
were cansidered. Simulation models were constructed for the Callesobruchus
species which employed a discrete time-step of one day. Provision
was made for age specific adult mortality and fecundity and for distri-
buted larval develaopmental pericds., Density dependence was included
in the forms of intrastage and interstage competition baoth within and
between species. Results of laboratory experiments were presented . ..
which permitted the estimation of the required parameters. Single-
species simulations predicted stable equilibria for both species. The
tuo-species model predicted no tue-species equilibrium existed and C.
chinensis was the successful competitor. Some complex properties of
this two-species model are discussed. These simulation models were
then extended to include interactions between the hymenopteran para-
sitoid Lariophaqus distinguendus Fdrst. and the Callosobruchus
species, Provision was made for age specific adult parasitoid
mortality and a distributed larval developmental peried. In addition,
the effects of hast density, the stage attacked, parasitoid density
and adult parasitoid age on parasitoid searching efficiency were
considered. The required parameters were estimated from laboratory
experiments, and the effects of including the parasiteid in the
single and two host species simulation models were investigated.
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Chapter I. INTRODUCTION.

Many of the foundations of theoretical population ecology were
laid in the early part of this century., Although Verhulst (1838) had
originally proposed the familiar logistic equation for single-species
population growth, 1t was not widely appreciated until the work of
Pearl & Reed (1920). Lotka (1925) and Volterra(1926) included in this
model interspecific competition and Thompson (13924), Lotka (1925),
Volterra (1926) and Nicholson (1933) considered models for predator-
prey interactions. 1In spite of the early interest aroused by these
models, there was little attempt made to examine the validity of their
assumptions and there were only a few experimental studies conducted
in which models played an important role in interpreting the observed
dynamics of a particular system (e.g. Pearl & Parker 1922; Crombie
1945),. IMore recently, however, there has been a greater appreciation
for the need to achiesve a harmony between models and observations in
population ecology (e.g. Hassell, Lawton & Beddingtén 1976; Hassell,
Lawtan & May 1976; Beddington, Free & Lawton 1978; Hassell 1978).

This thesis sets out to examine two aspects of the relationship between
mathematical models and biological populations with special reference
to a particular laboratory system consisting of two stored product

beetles, Callosobruchus chinensis (L.) and C. maculatus (F.) and their

pteromalid parasitoid Lariophagus distinguendus fFdrst. These insects

are easily bred in the laboratory (the beetles breed in dried pulses),
have a short generation time and relatively simple biclogy and are

hence particularly suited to such a study.
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The first topic investigated here is the use of simple analytical
models in describing the dynamics of single and two competing species
populations. Attention will be concentrated on models framed in difference
equations as these are most appropriate for the modelling of many insect
populations (e.g. May & Oster 1976). Such models are typically based
on an equation for density dependent mortality. Thus as an initial step,
the descriptive properties of a number of such equations are compared
in chapter 2. A surprizing number of these equations are found to
have a common fault, and only one of them is sufficiently flexible to
be considered as having a general form, This equation is then used in
chapter 3 as the basis for single-species population models %or c.
chinensis and L. maculatus, making use of the results of short-term
laboratory investigations into the processes affecting population growth.
The models predict dynamic behaviocur of the two species in accord with
the results of long-term studies reported in the literature. As a
Tinal step in this first investigation, models for two-species competi-

tion are constructed for interactions between the two Callosobruchus

species (chapter 5)., The models are again based on the general equation
of chapter 2 and competition coefficients for the two species are
estimated from short-term experiments. The properties and predicted
outcomes of these models are discussed.

The second theme of this study involves the use of detailed
simulation models for investigating the dynamic behaviocur of biological

systems, Attention is again concentrated on the Callosobruchus species,

and in chapter 4 a simulation model is constructed for both single-
species populations. The important components of the model are again
investigated using short-term experiments. The dynamic behaviour of
these models is similiar to that of the analytical models of chapter 3

but some differences arise and are discussed. These single species
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simulation models are then used to form a model for twe competing
species in chapter 5. Some previously unappreciated properties of

such systems emerge and are discussed, Finally, in Chapter 6, a
simulation model for interactions between insect parasitoids and

their hosts is developed. Some experiments on the bislagy and searching

behaviour of Lariophagus distinguendus provide information on which the

details of the model are based. This model is used together with the
single and two host species simulation models to investigate the
importance of multiple age-class interactions in parasitoid-host

systems,
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Chapter II, SOME MODELS FOR DENSITY DEPENDENCE

2.1 Introduction

1t has been appreciated since the early work of Verhulst (1838)
and Pearl & Reed (1920) that many biulogiéal populatioqs exhibit
negative feedback mechanisms which restrict their growth, These
mechanisms, often referred to as density dependent processes, play an
i7poriont ralo in “~termining the dynawnics of such populations (fMay
et al. 1974) and consequently are also of importance when considering
the construction of population models. There is a constant need for
simple but ganeral functions to describe density dependent processes;
simple so that their properties may be determined analytically, but
suffiti?n§ly general so that they are capable of describing th=
varied forms in which density dependence may occur,

A number of difference equation models for describing density
dependenca have apparared in the literaturs, either as descriptive
tools for quantifying densiiy dependence (e.g; Ullyett 1950; Varley &
Gradwell 1963; Hassell & Huffaker 1969; Hassell, Lawton & May 1976)
or as regulatory functions in population models (e.g. Cook 1965;
Pennycuik, Campton & Beckingham 1968; Varley & Gradwell 1968; Usher
1972; Maynard Smith & Slatkin 1973; Varley, Gradwell & Hassell 1973;
Hassell 1975; May 1975). The characteristic dynamies of these models
have been recently reviewad by May & Oster (1976), who have emphasized
the range of possible dynamics showun by difference equation models.,
Although the models considered by May and Oster all show similiar
ranges of dynamic behaviaur, they differ widely in their ability to

describe different types of density dependence, 1t is the object of
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this chapter to examine the different forms of density dependent
models in the literature and compare their descriptive abilities,

The comparative review presented here follous tweo lines : (i) a
gualitative consideration of the forms of density dependence described
by each model; (ii) a quantitative comparison of the fit of several
of the models to a number of sets of data showing density dependent
mortality. The qualitative study begins with a consideration of
different methods of graphical presentation of density dependence in
data, This is followed by the derivation of a general difference
equation model for dansity dependence and a discussion of the relation-
ship between this general model and those existing in the literature.
These two sections lead to a qualitative comparison of the forms of
density dependence that the various models can describe. The data on
which the gquantitative comparison is based is presented next, and
the results of fitting somsz of the models to the data are discussed.
in this section, tha vieus of Hassall, Lawtan & fMay (1976) concerning
the effect of density dependence on single-species population
dynamics are reexamined, and their conclusions upheld. In the final
section, the descriptive properties of the models are compared and

some remarks about their potential uses are made,

2.2 The presentation of density dependence data

Although a variety of methods of graphically presenting density
dependence data have appeared in the literature, a primary aim
common to them all is to demonstrate whether or not data show evidence
of density dependence. A secondary, but also important, objective is
to determine whether the data indicate a compensatory (contest com-
pettition in the sense of Nicholson (1954)) or an overcompensatory
(scramble competition) process. fcur common m=2thods of presenting

such data will be discussed here, with particular reference to data
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dealing with density dependant motvtality.

The most immediate method of presenting density dependence data
is to pliot the number of survivors S against the initial density N,
Any deviation from a straight line through the origin indicates
density depandence. Data plotted in this way usually show either a
monotonic curve (contast competition, figures 2,1a and 2.7a) or a
humped curve (scramble competition, figures 2.1b, ¢, d). Ancther
useful method is to plot propertionate survival 5/N against density.
Surh plots often show a sigmoid relatienship between S/N and N
(figures 2.2b, c, d) but may also indicate a monotonically decreasing
curve (figures 2.2a and 2.5a). Desviation from a2 line with zero slope
now indicates density dependence, but thera is not a simple inter-
pretation of these plots uhich reflects the type of compatition
involued.v Twa furtnhar mathods are hased on 5lotting nrapartionate
survi?al on logarithmic scales (the k-value of Haldane (1949) and
Varley & Gradwell (1960)). When k-value (=-1n(S/N)1) is plotted
against 1n density, density dependence is shown by deviation from a
line with zero slope. Data plotted in this way often indicate linearly
or exponentially (but not logarithmically) increasing curves (figures
2,3 and 2.5b). At high densities the relationship betuean k-value
and lag density often appears nearly linear. UWhen the slope af this
linear portion of a k—ua}ue plot is near unity contest competition is
implied, while a slope much greater than unity indicates scramble
competition. The final mathod is that of plotting k~value against
density (arithmetic scale). Such plots may show either logarithmically

(figures 2.4a and 2.5c) or exponentially (figures 2,4b, c, d) increasing

1Throu:hout this thesis the conventions that 1n(x)=log (x) and log (x)=
log1o?x) will be followed. e ' _
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FIGURE 2.1 The relationship between number of survivors

(mean z s.e.) and density for four stored product beetles

(for experimental details see page J35). The fitted
curves are from the density dependent mode entry 5 of
table 2.1, S = dN / (1+(aN)b).

(a) Stegobuim paneceum; d=0.71%, a=0.110, b=0,950,

(b) Lasioderma serricorne; d=0.806, a=0.0114, b=7.53.

(c) Tribolium confusum; d=0.610, a=0,0116, b=3.12.

(d) Tribolium castaneum; d=0,800, a=0.d149, b=4,21,
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FIGURE 2.2 The data of figure 2,1 expressed as percent-
age survival (transformation on the means) against density.
Fitted lines were obtained by transforming the predicted
number of survivors to percentage survivorship. (a)

Stegobium paneceum. (b) Lasioderma serricorne, (c) Tribolium

confusum. (d) Tribolium castaneum.
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FIGURE 2,3 The data of figure 2.1 expressed as k-value
(transformation on the means) against ln density. Fitted
lines were obtained by transforming the predicted number

of survivors te k-value. (a) Stegobium paneceum.

(b) Lasioderma serricorne. (c) Tribelium confusum,

(d) Triboluim castaneum. (N.B. The overestimates of

k-value at high densities of Lasipderma serricorne in (b

are due to the relatively small contribution of these data
points to the fitting of the model to the original data

in figure 2.1b,)




/o/ 1.0-

7.0 (B) o

N
e

5.0

¢ 3.0 o @

! I 3 Ol —0—0|—x—n—8/ |

0.00 2,30 4.61 6.91 0.0 2,30 4.61 6,91

N
.
wm

k-value (-1n(S/N))

3.5  (d)

P ' 2.0

| 1 L N R | 1

zZ

115 2,30 3.45 44'61 5.07 1415 2,30 3.45 4.61

ln Initial egg density (N)



23

FIGURE 2.4 The data of figure 2,1 expressed as k-value
against density. Fitted lines were obtained by trans-
forming the predicted number of survivors to k-value.

{a) Stegobuim paneceum. (b) Lasioderma serricorne.

(c¢) Tribolium confusum. (d) Tribolium castaneum. (N.H.

See note in legend of figure 2.3.)
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FIGURE 2.5 The plots of (a) proportionate survival
against density, (b) k-value against log density and

(c) k-value against density for uperophtera brumata (L.)

(data from Varley & Graduwell 1968). The fitted curves
were obtained by transforming the predicted number of

survivors (see figure 2.7a) to these measures of mortality.
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curves, uhen these plots appear logarithmic, contest competition is
implied, while exponential plots indicate scramble competition. Density

dependence is again shoun by deviation from a line with zero slane.

2.3 Density dependence in models

Models describing density dependent mortality are often framed
in difference equations of the form
5 = NF(N), (2.1)
where S is the number of survivors, N is the initial number of
individuals, and f(N) is a function which relates proportionate
survival to density. The function f(N) must take values in the range
0-1 for positive values of N,
An approach to defining a general form for the function f(n)
can be made by considering a differential equation of the form
S = N u(N) (2.2)
uhere N is the population sizoe and p{N) is a function relating
mortality reate to density. A homologous discrete time formulation of
equation 2.2 can be constructed by integrating at a fixed density,
say ﬂﬂ, to give
Ny = No o exp( — (N )t). ' (2.3)
Here, N0 is the initial population size and Nt is the number of

survivors at time t. When t is taken to be unity, equation 2.3 may

be written in the form of equation 2.1,
S=N exp( - n(N)), (2.4)
where N = N_, § = N and f(N) = exp( — u(N). Isolating m(N)

(the mortality rate) from equation 2.3 gives
1
p(N) =3 In(n /). . (2.5)
If t is again taken as unity, u(N) becomes ths familiar k-value for
mortality of Haldane (1949) and Varley & Graduell (1960). A general

formula for expressing the relationship between mortality rate and
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density may be postulated :

H(N) = C aNb ; a,b,c20, (2.6)
Substituting equation 2.6 into eguation 2.4 gives a general modeal
for density dependent survivorship,

S=N exp(- c =~ aNb)

or

S = dN¥ exp(- aNb), d = exp(~c)e. (2.7)
The parameters in equation 2.7 2are restricted such that 0=<d <1
and a,b2 0, The function fﬁﬁl is now given hy f(N) =d exp( -aNb).

Although the model of equation 2.7 has three parameters, the

parameter d only determines the density independent level of mortality.
The density dependent form of the curve is determined by thé two
parameters a and b, The parameter a is a scaling constant which
determines, for a given value of b, the density at which proportionate
mortality reaches a fixad value. The parameter b determines the
seuarity of thz density despendence, Increasing values of b imply
movemsnt along the continuum of contest-scramble competition tewards
more severe scramble, The precise relationship between the parameters
a and b and the type of competition implied is more easily discussed
for the related model (see below) of entry 5 in table 2.1. 1In the
model of entry 5, the roles of the parameters a and b are the same
as in equafion 2.7, 1In addition, a plot of k-value against 1n
density for this model is linear at high densities and reaches an
asymptotic slope of b, providing a readily interpretiable relatienship
between this parameter and the type of compstition implied (Varley,
Graduell & Hassall 1973; Hassell 1975, 1976). The slope of a plot
of k-value against 1n density for equation 2.7 increases without
bound as density increases, and conseguently the relationship between

the paramsters a and b and the type of competition is more complex.



TABLE 2.1 Some density dependent functions f(N) (equation 2.1), (N) (equation 2.5) and their second
derivatives, A more complete list of references concerning each model is given by May & Oster

(1978).
s%gn 0 sign 05
Entry F(N) ‘ m(N)=k-value d”f/dN d'u/dn Authors
1. N—§ bln N + - Varley & Gradwell (1960)
2. exp (-aN) al + 0 Coak (1965); MacFadyen
(1963)
3. (1+am)~1 1n(1+aN) + - Pielon (1969); Skellam
(1952)
b b .
4, exp(-aN") aN +- += this study
' by-1 b .
5. (1+(aN)") In(1+(aN)") - = Maynard Smith &
Slatkin (1973)
6, (1+aN).'b b 1n(1+aN) + - Hassell (1975); Hassell,
Lawtan & May (1976)
7, (1 + exp(bN - a))-1 1n(1 + exp(bN-a)) +- + Pennycuik, Compton &

Beckingham (1968);
Ullyett (1950); Usher
(1972)

6¢
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FIGURE 2.6 The effect of the parameters a and b in the
density dependent mbdel entry 5 of table 2,1, Curve I

(a = 0.01, b = 1) indicates contest competition where the
number of survivors increases monotonically with density
(a), where k-value increases exponentially with ln density
(c) and where k-value increases logarithmically with density
{bJs Curves II and III (b=5) indicate scramble competition,
showing a humped curve of number surviving against density,
a steeply increasing curve of k-value against log density
and a sigmoid curve of k-value against density which
increases exponentially at low densities and logarithmically
at high densities. 1In curve II, a=.01 so that densify
dependent mortality is 50 at N= 1/a = 100. In curve 1Il,

a = .02 and density dependent mortality is 50% at N = 50,
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Figure 2.6 shows how changes in the parameters a and b in model 5
of table 2.1 effect tha shape of the plot}of survivors against density
and the plots of k-value against density and 1n density, Uhen b=1
(curves 1), contest competition is implied., Here the number of
survivors increases monotonically with density to an asymptotic
maximum of 1/a (figure 2.6a), k-value increases logarithmically with
density (figure 2.6b), and k-value increases exponentially with 1n
density reaching an asymptotic slope of b=1., For values of b>1
(curves 11 and III), mortality overcompensates at high densities,
resulting in few survivors (scramble competition). Here the plot of
k-value against density shows an initial exponential increase which
changes to a logarithmic increase at high densities (figure.2.6b).

The plot of k-value against 1ln density increases exponentially,
again reaching an asymptotic slope of E_(for curves II and III in
figure 2.6, b=5). Varying the parameter a effectively changes the
scale of density on which the mortality acts; as the value of a
increases (for a fixed E) the number of survivors at any given
density decreases. More precisely, density dependence accounts for
a fifty per cent mortality when the initial densityis 1/a.

for the model of equation 2,7, similiar interpretations can be
made concerning the effect of the parameters a and b, specifically
that conteét competition is indicated by values of b=1 and scramble
competition by values of b>1. However, the distinction between
contest and scramble is not as sharply defined in this model as in
the model discussed above., For given values of a2 and b the type of
competition implied depends in part on the range of densities concernad.
Even for values of h <1, suffiriently high values of N (density) in
equation 2.7 can cause a reduction in the number of survivors.

The general difference equation model for density dependence of

equation 2.7 has not appeared in the literature, although a homologous



33

differential form has been suggested by Goel, Maitra & Montroll (1971).
This madel can easily be related to some of the existing difference
equation models for density dependence in the literature (table 2.1).
The general model (entry 4 of table 2,1) can be expanded in Taylor-
series and truncated after the first order term to obtain entry 5,
When the parameter b of entry 4 is set equal to unity, entry 2 is
obtained, or from a truncated Taylor-series expansion entry 3 is
obtained. The other models in table 2.1 are less clearly related to
the general model of entry 4, Entry 1 is a linear model on a log-
arithmic scales of density and proportionate survival, and arises
from the linear k-value analysis for density dependence of Varley &
Gradwell (1963). Entry 6 is a more flexible formulation of a k-value
analysis model, which is curvilinear on logarithmic scales (Hassell
1975). Entry 7 describes a symmetric sigmoid curve of precentage
survival against density.

Impartant to the undarstanding af the general descriptivs
abilities of these models is a consideration of the different types
of density dependent curves that they describe, This is most easily
discussed with reference to two specific ways of expressing density
dependence.

(1) Consider a plot of proportionate survival (S/N) against
density (ﬂ). Such a plot may appear as a monotonically decreasing
curve (figures 2.,2a and 2.,5a) or as a nonsymmetric sigmoid curve
(figures 2.2b, c, d). A simple mathmatical way to express thes
difference between these two types of curves is to consider the
second derivative of (S/N) with respect to N, dz(S/N)/sz. When the
curve of proportionate survival is of the monotonically decreasing
form, this derivative is positive over the entire range of density.

When the curve is of the sigmoid type, however, this derivative

changes from negative to positive as density increases. A general
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model for density dependzncz, than, usuld havz a farm such that
dZF(N)/dMZ could either be positive for any value of N, or cauld
change from negative to positive as N increased. Tahle 2.1 gives the
potential signs of dzf(N)/sz for the models presented there. All of
the one-parameter models (entries:-1y; 2 and 3) and one of the two-
parameter models (entry 6) have forms for which this derivative is
aluays positive, and consequently can only describe monotonically
decreasing curves of proportionate survival against denstiy. The
remaining two~parameter models (entries 4, 5 and 7) can describe both
monotonic and sigmoid curves of proportionate survival, Entry 7
describes these curves as symmetric, which does not appear to be a
general feature of density dependence data.

(2) Consider a plot of k-value (= p(N)) against density. A
general model would be required to describe both logarithmically
(figures 2.4a and 2.5c) and exponentially (figures 2.4b, c, d)
increasing curves. Expressed mathmatically, the second derivative
dz;t/sz may be either negative or positive, Table 2,1 also gives the
potential signs of these derivatives. G0Only the general model entry 4
and its Taylor-series approximation entry 5 have forms which may
describe both types of curves for p(N). Entries 1, 3 and 6 describe
only logarithmic curves of u(MN) against density, entry 2 depicts
these curves as linear, and 7 only describes exponential increases

for /J(N).

2.4 A quantitative comparison of the models

The discussion presented above indicates that only two of the
models presented in table 2.1 may be considered as having a general
forme. Differences in the descriptive ability of the models in
table 2.1 may be further clarifiea by a quantitative comparison pro-

vided by fitting the models to various sets of data., For this
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purpose, a selectian of data showing density dependent mortality has
been taken from the entomological literature and supplemented hy
furth~r experiments in this study. The data may be divided into two
primary categories. The first set of data (table 2.2) arises from
experiments where varying numbers of individualsyusually in an early
developmental stage such as eggs or larvae, uwuere confinec with a fixed
amount of foocd, At some later stage or time the survivors were

scored. The data for the four beetles Steqobium paneceum L., Lasipnderma

serricorne (F.), Tribolium castaneum (Herbst.) and Tribolium confusum

Duval are typical examples. Eggs of these species were collected by
sieving flour from oviposition chambers at 24 hour intervals. Vary-
ing numbers of 0-24 hour old eggs were isolated in glass tubes

(2.2 em x 7 em) with 0.5 g medium (commercial fine white flour with
added yeast, 10% by weight). The glass tubes were closed with cotton
waool and kent at either 28,%0 €, 70% relative humidity (Steagohium and
Lasioderma) or 307 £, 707 relative humidity (Tribalium spp.). After
the adults eclosed the total number of survivors in each tube were
scored,.

The second set of data (table 2.3) was compiled from long term
censuses of insect populations. Data wa2re taken both- from field
studies and studies of populations maintained in the laboratory.
Table 2,3 is abbreviated from a similiar 1list given by Hassell,
Lawton and May (1976). Data have been omitted here which failed to
demonstrate density dependence when analysed by the method discussed
below,

The data in tables 2.2 and 2,3 wetre fitted to the two parameter
models of tahle 2.1 (entries 4, 5, 6 and 7). The models were used
in the general form of equation 2.7 with the addition of a parameter

quantifying density independent mortality, d, so that
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TASLE 2.2 Some exnerimental studies on the effect of density an

survival in insects.

Sprcies Authar(s)
Coleogptera
1. Lasioderma sericorna (F.) this study
2. Stegobium ganeceum L. this study
3. Rhyzopertha dominica (F.) Crombie (1944)
4, Tribolium castaneum (Herbst.) this study
5. Tribolium confusum Duval this study
Lepidoptera
6, Ephestia cautella walker Takahashi(}QSQ
7. Anagasta kithniella Zell. Ullyett & van der Merwe @947)
8, Plodia interounctella Hibn. Snyman (1949)
9, Sitotroga cerealella {0liv.) Crombie (1944)
Niptera
10, Chrysomyia albiceps Hied. Ullyett (1957)
11, Chrysamyia chloronyga Wied. Ullyett(]QSU)
12. Drosophila melanogaster (Meig.) Miller(]96@
13. Drosophila similans Sturtevant miller(j964)
14, Lucilia cuprina Wied, Nicholson(JQSA)
15. Lucilia serricata ig. Ullyett (1950)
16, Musca domestica L. strain Bell Sullivan & Sokal (1963)



TABLE 2.3 Sources of data on density dependent mortality from long-term censuses of insect populations.
Values for A are taken from Hassell, La:ton & May (1976). Values for the parameters d and b
were obtained by fitting the general density dependent model to the data, Numbers correspcnﬁ
to the numbered points in figure 2.9,

Species A d\ b Author(s)
Hemiptera
1. Anthocorus confusus (Reuter) 1.6 1.1 2.7 Evans(j973)
2. Leptoterna dolobrata (L,) 2.2 2.2 1.4 mcNeill (1973)
3. lizophilaenus lineatus (L.) 9.2 1.4 0.7 Whittaker Q971)
4,- Saccarosydne saccharivora (Uiv,) 13.5 7.0 2.8 Metcalf‘@972)
Coleoptera
5. Callosobruchus chinensis (L.) 22.5 15,5 1.0 Fujii(]QG@
6o Callosobruchus maculatus (F.) 32.5 18.4 1.9 Utida(196ﬂ
7. Callesobruchus maculatus (F.) 37.5 29,5 1.6 Fujii(jQGﬂ

ctrain a0
8. Leptinotarsa decemlineata (Say) — 75.0 7%.0 4,8 Harcourt @971)

Le



TABLE 2.3 (continued)

Species A d\ b Author(s)
Lepidcntera
9. Acleris variana Fern, 13.0 5.5 2.7 morris (1959)
10.. Anagasta kihniella (Zell,) 8.6 1.2 1.6 Hassell & Huffaker (1969)
11. Erannis defoliaria (Clerk) 3.0 1.4 2.0 Ekanayake(3967)
12. Hyphantria cunea Drury 1.7 1.7 0.4 Ito, Shibajaki & Iwahashi<3965>
13, COnerophtera brumata (L.) 5.5 5.0 0.4 Varley & Gradwell(]QGé)
Diptera
14, Erioischia brassicae (L.) 3.3 2.1 1.7 Mujerji.QQ?1>

8¢
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S = dNF(N). (2.8)
As befare, d is constrained such that 0Sd=<1. The parameter d is an
important addition to the models whan they are to be fitted to data,
If some degree of density independent mortality is present, the
omission of this parameter would result in an overestimate af the
amount of density dependence shoun by the data.

The madels were fitted to the data by minimizing the residual
sum of squares using the method of Fletcher & Powell (1963) for find-
ing the minimum of. a nonlinear function. This method had been pro-
grammed by Powell (1963) for finding the minimum of a nonlinear
residual sum of squares. The method worked well for all the models
except entry 6, where it was subject to rounding errors. Consequently,
the method of Powell (1954) for minimizing a general function was
used to minimize the residual sum of squares for this model,

The fit of the models to the data is most easily compared by
considering the porcent of the wvariancsa axplained by =ach model for
each data set, 1In linegar regression analysis this is usually done by
considering the parameter r2,

2
r

residual sum of squares )
L]

¢
1aott sum of squares about thae mean

(2.9)
In the fraction in equation 2.9, the sum of squares in the denominator
is taken about the mean observed value of the dependent uariable,:z,

and the null hypothesis is that there is no dependence of Y an the

independent variable X.

Hy ¢ Y=Y (2.10)
In the analyses presented here, the null hypothesis is that the

observed mortality is due only to density independent factors causing

a constant proportionate mortality, say p.

H : 5 = pN (2.11)

Cansequently, an appropriate measure of the percent variance

explained by the nonlinear models considered here is
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residual sum of sguares )
L]

= 100(0 -
t ( sum of squares abaut the line ph

(2.12)
The sum of squares in the danominator of the fraction in eguation 2.12
is the residual sum of squares obtained by fitting a straight line
through the origin to the data, and the numerator is the residual
sum of squares obtained by fitting a nonlinear model to the data. The
values for per cent variance explained presented in tables 2.4 and 2.5
have been computed in this way.

The definition of the null hypothesis in equation 2,70 provides
the hasis for a mathod af determining whethar or not a particular
data set demonstrates density dependent mortality (figure 2.7).
The model of the null hypothesis, S=pN, may be fitted to the data
and tha residuals plotted against the density at which they occur.
If the plot shows no systematic pattern in the residuals (figure 2.7d),
there is no evidence that the model of density independent mortality
is inadequate (Draper & Smith, 1966). If some pattern doss appear,
such as a nagativa irend in the residuals (figure Z.ib), a more
complex relationship between number of survivors and density (i.e.
density dependence) may be assumed. Some of the data considered by
Hassell, Lawton & May (1976), when examined in this way, did not
show any evidence of density dependence and consequently were not

included in table 2.3.

2,5 Results

A consideration of the values of percent variance explained,
given in tables 2.4 and 2.5, shouws that all four models usually
exolained roughly the same amount of variance; for some data sets
there was practically no distinction between some of the models. The
models of entries 4 and 5 in table 2,1 gave batter fits to most of
the data than entries 6 and 7. Eﬁtry 5 provided the best fit to

18 of the data sets, entry 4 best described seven data sets, and
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FIGURE 2.7 A test for density dependence applied to tuwo
sets of data.(a) and (b) are for pupal predation of

Operophtera brumata (Varley & Gradwell 1968); (c) and

(d) are for parasitism of third instar Parlatoria oleae

(Colvee) by Aphytus maculicornis (Masi) (Huffaker & Kennett

1966). After fitting the model of density independent
mortality S = pN to the data (solid lines in (a) and (c)),
residuals are plotted against density. A negative trend
in the residuals indicates density dependence (b). If

the residual plot does not shou any trend (d), then the
model S=pN adequately describes the data. The broken

line in (a) is the best fit of the density dependent model

entry 5 of table 2.1 (d=0.913, a=0.174, b=0.428).
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The pesrgent of the variancsz explained by thz four tuwo-~

parameter density dependent models of table 2,1 applied

to the data from tha sources given in tahle 2,2,

(+) best fit» occurred when d = 1.

(*) best Tit occurred at unreasonable values of

a and b.
Species . model (gntry in ;able 2.1)7
Coleoptera
1. Lasioderma serricorne 96.35 96.36 72.78+% 96.36
2. Stenohium paneceum 62.36+ 66,57 66,62 36.67+
3. Rhyzopertha dominica 93.65+ 98,29+ 97,25+ 80,03+
4, Triboalium castaneum 90.03 90.86 T4,43+% 90.32+
5. Tribolium confusum 82.567 82.61 78,48+% 82,80
Lepidoptera
6. Ephestia cautella 95,28+ 96,93 92.43% 95,68+
7. Anagasta kiihniella 97.92+ 98.49+ 97.16+% 93.78+
8. Plodia interpunctella 98.63 99,12 B87.084+% 98.93
9. Sitotroga cerealells 95.03+ 97.89+ 87.45+ 83.75+
Niot-r=o
1. Chrvsonvia aliija-n- 97,97 89,073 95,0865 +% 98,82
11. Chrysomyia chloropyga 98,72 97.61 89.,184+%* 98,37
12. Drosoohila melanogaster 98.26 99,36 90,30+* 97,78+
13. Drosonhila simulans 98,35 99,06 .78.68+* 98,83
14, Lucilia cuprina 99.31+  99.60 95.81+% 98,85+
15. Lucilie serricata 96.44 95,93 89,65+% 96,65
16. Musca domestica 99.54 99.29 92.97% 99.60
Number of times each model
3 9 1 3

explains maximum variance
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TABLE 2.5 The percent of the variance explained by the four two-
parameter density dependent models applied to the data
listed in table 2.3,

(+) best fit occurred when d =

te

(*) best fit occurred at unreasonable values of

a and b,
model (entry in table 2.1)
Species 4 5 6 K
Hemiptera
1. Anthororus confusus 88,50 88,27 79.19+ 88.79
2. Leptoterna dolobrata 67,01+ 71,17+ 69,35+ 57.82+
3. Neophilaenus linsatus 95,58 95.56+ 95.54 94.16
4. Saccarosydne saccharivora 61.74 61.78 60.21% 61.11
Coleoptera
5. Callosobruchus chinensis 97.21+ 98,84 98.84 75.64+
6. Callosabruchus maculatus 97.31+ 99,24 99,22 80.40+
7. Callnsobruchus maculatus 86.77+ 85,51 86,28+ 82.59+
8. Leptinotarsa decemlineata 97.70+ 99,05+ T6.85+% 98.68+
Leoidoptera
9. Acleris wvariana 68.61 75.43 69.05 68,41+
10. Anagasta kuhniella 73.46 73.51 72.83* 73.52
1. Erannis defaliaria 47.02 47,22 46 ,64% 45,98+
12, Hyphantria cunea 89,424 94.89+ 94.14+ 15,62+
13, Operophtera hrumata 46,67+ 46.67 46,58 43,07+
Diptera
14, Erioischia brassicae 23,22 23.13 23.20% 23.06+
Number of times each model
explains maximum variance 4 9 8] 2




entries 6 and 7 best described one and five data sets respectively.

In several analysas, the hest fit to the data ozcurrxed when the
paramster d was constrained to unity (highsr values of d give better
fits to the data), and these are indicated in tables 2.4 and 2,5.
Occasionally, this was an artifact of the data, but for the models of
entries 6 and 7 it was often caused by the forms of these models
being inaporopriate for description of the data. The form of model 6
also caused unreasonable estimates of the parameters when the data
showed an exponential curve of k-value against density, which this
model cannot describs. In these cases, the estimated values of the
parameter b were very high ( >1000) and the values for a were very
small (< 10“6), which resulted in an approximately linear rélationship
betwesen k-value and density (ses figure 2.8d). This problem did not
arise uhen the plaot of k-value against density a2ppeared logarithmic,
Poor fits were also nbtained when entry 7 was fitted to data uwhere
the plat of k-value agairst density appzared logarithmic (this model
only describes exponential curves of k-value against density), but
this form was less prone to uninterpretable estimates of the paramesters,

The fit of the four models to the data on Stegobium paneceum and

Tribolium castan=zum are shown in figure 2.8. The data and model

predictions are presented in the original form (humber of survivors
against deﬁsity, figures 2.Ba and c) and after transforming to k-value
(k-value against density, figures 2.8b and d). Models 4 and 5
described both sets of data well, and there was little difference in
the predicted curves for these models. Model 6 fitted the Stegobium
data well (in figures 2.8a and b models 5 and 6 are coincident), but
did not give a qood description of the Tribolium data., Model 7 gave

a poor fit to the Stegobium data, but fitted the Tribolium data

reasonably well,
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FIGURE 2.8 The predicted curves of the four two-parameter
models of table 2.7 when fitted to the data for Stegobium
paneceum (a,b) (contest type competition) and Tribolium
castaneum (c,d) (scramble type competition) presented as
numbers surviving {a,c) or k-value (b,d) against density.
The models were fitted to the data in (a) and (c) and these
parameter values were used to provide the curves in (b)

and (d)., Model 4 (—————): (a) d=1.00, a=0.265, b=0,295;
(c) d=0.925, a=0.0137, b=2.04., Model S5 (—— —): (a}

a=0,711, a=0.110, b=0,950; (c) d=0.800, a=0.0149, b=4,21.

Model 6 (~—————): (a) d=0.691, a=0.113, b=0.936; (c) d=1.00,

a=8.86x10'7, b=6.05x108. Model 7 & — — —): (a) d=1.00,

a=-0.00186, b=0.00409; (c) d=1.00, a=0,0172, b=0,0448.
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FIGURE 2.9 The boundries separating regions of different
dynamic behaviours as functions of the density dependent
parameter b and the effective rate of increase d A for
the population model of equation 2,13, The numbered points
correspond to the data sets of table 2.3, See text for

discussion.,
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Following Hassell, Lawton & May (1976), the fitted parameters
fram the data in table 2.3 may be used to characterize the nature of
the populatinn dynamics shoun by these spescies. Finure 2.9 shouws
the regions of dynamic behaviour of the population model (based on
entry 5 of table 2.1)

Noo=dan (1 o+ (av)P)7] (2.13)

t+1 t t

The boundaries between the regions were found by a linearized
stability analysis of equation 2.13, the details of which are given
in appendix A, After weighting the values of A given by Hassell,
Lawton & May by the density independent mortality estimated by fitting
entry 5 to the data, the values of the parameters b and d\ may be
used to position the species listed in table 2.3 in figure 2.9.
Ten of the fourteen species were placed in the region of monotonic
damping, which supports the conclusion of these authors that most
natural single-species populations exhibit monotonic damping to an
equiliszium. Three soweies were placed in the regian af dampad
oscillations, twa of which (data sets 6 and 7) are from laboratory

populations of the beetle Callosobruchus maculatus (F.) uhich shou

evidence of this behaviour. The only species placed in the region

of limit cycles was Leptinotarsa decimlineata (say), and this is

cochrsistent with Harcourt's (1971) remarks that populations of this
species fluctuate markedly, and tend to overcompensate from genera-

tion to generation.

2.6 - Conclusions.

The one paramster models of tabls 2.1 all have forms sufficiently
restrictive to exclude them as general descriptive models of density
dependance, The two parameter models & and 7 also have forms which
are only capable of describing cértain types of density dependence.

Although they do not have general forms, these models may be useful
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in describing data when their forms are appronriate, such as describ-
ing logarithmic curves of k-value against density {madels 1, 3 and 6),
linear curves of k-value against density (mod=l 2) or symmetric
sigmoid curves of proportionate survival against density (model 7).

Tuo of the models in table 2.1 (entries 4 and 5) have forms which
describe both logarithmic and exponential curves of k-value against
density, and hence may be considered as having a general form, Of
these, model S has a more flexible and better descriptive form and
seems to be less prone to overestimates of density independant
mortality than model 4. In addition curves of k-value against density
for model 5 may be sigmoid, where at high densities the exponential
increase in k-value becomes legarithmically increasing, and
consequently the relationship between k-value and log density is
approximately linear at high densities,. This may be important in
light of the view of some authors that plots of k-value against log
density are linear at high densitizs (Varley, Gradwzll & Hassell
1973; Hassell 1975; Stubbs 1977).

In light of these considerations, model 5 has been used for the

analysis of density dependznce in populations of Callosabruchus

chinensis (L.) and Callosabruchus maculatus presented in the following

chapters, and has also been used in the development of population

models for thesz species,
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Chapter 111, INTRASPECIFIC COMPETITION I.

3.1 Introduction

In a number of studies of insect populations, guantification of
life—table parameters has led directly to the development of
population models (e.n. Utida 1967; Varley & Graduwell 1968; Hassell &
Huffaker 1969; Benson 1974; Podoler 1974). In these studies the life
tables have been constructed from long—term (many gensration) popula-
tion censuses. An alternate approach is taken here, where the density
dependent processes affecting a population are determined from single-
generation experiments. Simple difference equations will be ussd ta
describe the outcome of these experiments, and will then be used to
develan napulation nodzls fur the species,

In order to investigate fully this approach to nopulation modelling,
a study was made of the laboratory population biolony of tuoc stored

product beetles, Callosobruchus chinensis and C. malculatus. The

biology of th2se species is hriefly revieuwed in the next section. In
the subsequent section experiments are described which were designed

ta determine how changass in density effected the remrodustive suceass
of these species, and the results of the experiments will be discussed
in the light of similar studies on other laboratory insect populations,
The data will then be used to develeop a single age-class and a pair

of two age-class models for each species. The dynamics of the

models will be contrasted and compared with long-term studies from

the literature on the sapulation dynamics of these spacies. In the
final section some advantages and possible extensions of this

approach to population modelling will be discussed.
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3.2 +The biology of Callosobruchus chinensis and C. maculatus

The weevils Callesoorushus chinensis and C. maculatus (Coleoptera,

Bruchidae) are well knoun as pests of leguminous crops. Althaugh
capable of infesting crops in the field, they also breed in dried
Pulses and consequently are serious pests of pulses in store, They
are capable of breeding on the seeds of a number of legumes, but
relatively few may be considsred suitable hosts for both species
(Howe & Currie 1964). These include the azuki bean (Phaseolus
angularis uight), green gram (P. aureus Roxb.) and coupea (Yigna
unguiculata Walp.).

The simple biology of C. chinensis and C. maculatus render them
particularly suitable for laboratory studies. The adults are short-
lived and do not feed, although they will drink if offered water or
sucrose solution (Howe & Currie 1964), and this may lengthen adult
life~span and fecundity by as much 3s fifty per cent (lmeva & Shimizu
1968). ihe engs are laid on, and adhere to, the surface of the
host seed or pod. This adhesion is effected in C. chinensis by a
fluid secreted by the ovipositor immediately prior to ovipaosition
(Arora & Singh 1970). DOuring hatching of the egg the first instar
larva burrows directly into the cotyledon of.the seed. The apodous
eucephalous larva passes through four instars entirely concealed
within a single seed. Pupation occurs in the cell created by larval
feeding, and the adult emerges one or two days after eclosion. During
the final instar the larval cell is enlarged so that it is adjacent
to the seed testa, and the presence of the larva may be detected
by the small grey "window" which appears as a result. In order to
emarge, the adult must chew a hole through the testa, Occasionally
pupation occurs in a cell not adjacent to the testa, and the adult
cannot free itself from the seed and dies. Copulation takes place

shortly after emergence and may reoccur several times during the
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adult's life. Oviposition usually degins on the day of emsrgence.
Virgin females isolated with secds lay infariile =

Tha ~flent of envirsnasantal canditions on devalonmental peried,
oviposition and mortality in these species has bezen extensively
investigated by Howe & Currie (1964}, They determined that the dev=lop-
mental threshold temperature for £. chinensis was approximately 17.5°¢C
and that for C. maculatus it was approximately ZDOC. The upper limit
for development was just over 35°C for both species, ULhen reared on
coupeas, most rapid deﬁalopment occurred at 25°C for L. chinensis
(28 days) and at 30°C for C. maculatus (20 days), the highest
temperatures investigated on this food. On garden peas (Eiggm
sativum L. ), developmental period was more variable and was shortest
at 32,.5°C for both L. chinensis (18 days) and C. maculatus (21 days).
Differences in relative humidity did not greatly effect developmental
petiod; the optimm relative humidity was anproximately 704 for
both snecias. Mezan Facundity was greatest at ?2,50E far C.chinensis
(S6 eags per female) and at 35°C for C. maculatus (98 eggs per female),
and varied only slightly between 22.5°C and 35°C in both species., At
SUOC, fecundity was higher at higher relative humidities. Develop~
mental mortality was generally louw, less than twenty per cent at
favourable conditions.

These results agree with less extensive investigations by other
workers, Raina (1970) found that developmental period depended on
parent age at oviposition for both C. chinensis and C. maculatus.
Progeny developed slightly (by less than three days) faster from eqgs
laid early in adult life than those laid later., This phenomanon has
also been observed in €. maculatus by Larson & Simmons (1923) and
Howe & Currie (1964). Utida (1941a) found that the fecundity of

£. chinensis was higher at 30.4°C than at 24.8°C for a fixed relative
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humidity, and that fecundity was highest at both temperatures at high
(75%) retative humidity, Arera & 3ingh (1970) reported maximum
fecundity for Z. chinensis at 30°r and 904 telative himidity, Rairna
{(1970) reported higher developmental mortality in progeny from eggs
laid late in adult life, due largely to a reduced praoportion of eggs
hatching. The findings of these workers have supported the use of
3ODC and 70% relative humidity as standard for laboratory culturing
and experiments with these species (e.g. Utida 1942; Fujii 1965;
Okamoto 1971a) (see bzlow).

A number of investigations have shown differences in adult size,
fecundity and populatinn dynamics for different strains of C. chiﬁensis
and €. maculatus (Fujii 1968; Nakamura 1969; Utida 1959), although the
differences were usually small. Adults of L. maculatus are also
knoun to occur in two M"phases" (Utida 1954, Caswell 1959), a "normai"
nonflyving form with high fecundity and short adult 1ife and an
Nantival flyinn farm with lou fecundi*y, longer adult life and a-
preoviposition period af several days. Utida (1972) has reviewed the
biology of the two forms and has shown that the active form disappears
from populations maintained in the laboratory. No adults of the
active form were observed in the populations of L. maculatus used in
this study,

The initial stocks of €. chinensis and L. maculatus used in this
study were obtained from Dr. B.J. Southgate of the Pest Infestation
Control Laboratory, Slough, Berkshire.‘ Cultufes of these species
were maintainasd at 30°C and 70% relative humidity with a 16L/8D

photoperiod., The host seed used was cowpea (Vigna unguiculata) and

was obtained in bulk from California, U.5.A. Details of the culturing

procedure are given in appendix B.
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3.3 Dansity dependsnt nrocesses in Callosobruchus

To determine the effects of dansity an thz processes of ovigosition,
development and survival in £. chinensis and £. maculatus, the following
experiments were performed. Freshly em=rged adults (0-2% hours old)
were collected from stock cultures at 1130 hours. Varying numbers of
adult pairs (1, 5, 20, 40, 60, B0, 100 and 120 pairs) were placed in
small plastic dishes (3.5 cm high and 4.0 cm in diameter) containing
a single layer (3.70 g, 14-16 beans) of cowpeas. The beans had been
kept at 30°C , 70% relative humidity for at least four days prior to
use to allow their water content to become stable (see appendix 8).
The dishes were covered with a square of muslin secured in place with
a plastic lid in which a large hole had been cut for ventilation,

Each density was replicated between four and twelve times,

The dishes were kespt at 30°C, 70% relative humidity until the
adults had died and sufficient time had passed to ensure the hatching
of sll viable eqqgs. Tne dead adults were remaved, the total and
hatched eggs were counted and the dishes were returned to the
environmental chamber. The day of first adult emergence in each of
the dishes was recarded, and after all the survivors had em=2rged the
total number of male and female progeny uere scored. During the
period of progeny emergence, pairs of 0-24 bour old adult progeny were
selected ffom individual dishes and isolated with 3,70 g of beans.

The total number of eqggs laid by each of these pairs was scored.

The models used to describe the effect of density on fecundity
and survival were hased on thz density dependent model of Maynard
Smith & Slatkin (1973) discussed in the previous chapter. The
general form of the model is

s = du(1+(am)®)”" (3.1)

where the number of survivors S depends on the intial density N in
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tha manner detzrmined »y *he parameters d (*he proportionate density
independesnt survivai), a (a scaling constant) and b (the severity of
the density depzndencea). The roles of these parameters and the gen=sral
form of the model have been thoroughly discussed in chapter 2,

Equation 3.1 may be modified by the inclusion of a reproductive
parameter in order to describe a density dependent reproduction curve,

N =AS = AN {(1+{aN )b)~1 (3.2)
t+1 t Yt ! *

where Nt+1 is the number of progeny from S individuals, and A
is the net rate of increase per individual. This parameter is compoased
of the maximum fecundity per female Amax, the proportion of the

females in the population n and the proportionate density independent

survival d, so that

A= dp A max® (3.3)
Equation 3.2 may also describe a density dependent relationship
betue=an initial adul® den~ity A and the numher of total ar hatched
eggs laid E,
by-1

E = AA(1+(an)’) ., (3.4)
The relationship between density of hatched eggs and the number of
surviving progeny may described by equation 3.1 by considering the
initial density to be the number of hatched eggs.

All of these models wuere fitted to the appropriate sets of data

using the method of Fletcher & Powell (1963) discussed in the previous

chapter.

3.4 Results
The results will be presented by considering the relationships
between (i)} adult density (Nt) and the number of their progeny

surviving to adults in the next generation (Nt+1>’ (ii) adult density

and fecundity, (iii) ths density of hatched eggs and the number of

adult progeny, (iv) hatched eqg density and the developmental period
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of the praogeny, (v) hatched egg density and the sex ratio of the progeny
and (vi) netehad 2g; domsity ant the Tacuntity af thz rroseny.

(i) The reproduyction cutves for L. chinensis and C. macul=ztus
are shown in figure 3.1. The number of progeny increased with adult
density to a2 maximum after which it decreased. The maximum mean
number of progeny was highest at an initiasl density of 40 adults (20
pairs) for both species; the mean number of progeny was higher for C.
chinensis (117) than for €. maculatus(78). The decrease in the number
of progeny above an adult density of 20 pairs was much more severe in
C. maculatus than in C. chinensis. The solid lines in figure 3,1
shaw *tha fi* of equation 3.2 and d=scribes both set of data reasonahly
well (the broken line is discussed on page gg ). There was, houever,
a reqgular overestimation of the number of C. maculatus progeny at
high densities.

(ii) Inereasing adult density decreased the fecundity per female
in bo*h species, as demarstratad by tha nanlireat increase in tntal
eggs laid with increasing adult density (figures 3.2a, 3.3a). The
reduction in number of hatched eggs per female as density increased
was more severe than the reduction in total eggs in both species, and
showed humped relationships similiar to those in figure 3,17, The
maximum mean number of hatched eggs ocurred at a density of 60 adult
pairs for C. chinansis (331 hatched eqgs) and at a density of 20 pairs for
L. maculatus (201 hatched eqggs). The reduction in the number of hatched
eqgs above these densities was more severe in [. maculatus than in C.
chinensis. The curves in figures 3.2a and 3.3a were fitted using
equation 3.& and nave a good description of the data for both total
eggs laid (solid line) and total eggs hatched (broken line). There
was, howsver, a ragular overestimation of the number of hatched eqggs

at high densities of C. maculatus similar to that noted for total
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FIGURE 3,1 The reproduction curves for (a) Callesobruchus

chinensis and (b) C. maculatus, Data are given as mean

! s.e. The solid lines are the fitted single age-class
models of equation 3.2, the parameter values for which are
given in table 3.1. The broken lines indicate the predicted

reproduction curves fram the two age-class models of

equation 3.6 (see text for discussion, page 89 ).



60

130

90

70

50

30

)

+10 H
sl
= 1 ] 1 ] | 1
- 0
c
o
[np}
o
-
[0 8
e
-4
3
LI (b)
“ 100
o
-
o
0n
E -
ER /”“‘é\
]

60} \+

401 \

o= L 1 I ] ? (3]

40 80 120 160 200 240

Initial adult density (Nt)



61

FIGURE 3.2 (a) The number of total eggs (open circles)
and hatched eggs (closed circles) laid at variocus densities
of C. chinensis adults. Fitted curves are from equation
3.4, vParameters for solid line: A = 22.928, a = 0,073775,
b = 0.50905. PRarameters for broken line are given in
table 3.2a. Ddla évaV\ as wmean standard deviafion.

(b) The relationship between density of hatched eqgs
and total number of surviving adults, Fitted curve is

from equation 3.1, parameters given in table 3,2b,
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FIGURE 3.3 (a) The number of total eggs (open circles)
and hatched eggs (closed circles) laid at various densities
of C. maculatus adults, Fitted curves are from equation
3.4, Parameters for solid line : N = 17.5702, a = 0.034789,
b =1.1237. Parameters for broken line are given in table
3.2a. Ddla glven as wmean * Standard devialion.

(b) The relationship betueen density of hatched eggs
and total number of surviving adults. Fitted curves is

from equation 3.1, parameters given in table 3.2b.
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progrny.

The data for total eggs laig at a density of 100 pairs for C.
chinansis lie well balow the othor data for this <p2ziss at dernsities
of 80 er 120 pairs, Additionally, the fecundity of the progeny of
these adults was significantly lowuer {(p< .01) than the fecundity of
prageny from other densities. The adults used for the replicates at
100 pairs were taken from a stock culture not used at other densities,
It appears, for some reason as yet unclear, that these adults were not
typical of the population of C. chinensis, and consequently the data
from this density have been excluded from the analyses in this thesis.

{iii) The r=lationships batween density of hatched eqgs and the
total number of surviving adults are shown in figures 3,2b and 3.3b.
They provide a clear example of contest competition, the number of
survivors reaching a plateau for both species as egg density increassd,
In addition, the number of survivars from high hatched egqg densities
L3S icharin C. shinensis lanpra<imately 1722) than in L. maculatas (30).
The fitted curves (equation 3.1) describe both sets of data well.

A more detailed examination of the data in figures 3.2b and 3.3b
reveals a comples relationship between adult density, hatched egg
density and the numbher of survivors, At hatched eqg densities
associated with high adult densities { crosses in figures 3.2b
and 3,30) the number of survivars was usually lower than at similiar
hatched egg densities arising from low adult densities.. This is
particularly evident for the (. maculatus data in figure 3.3b,

(iv) The relationships betwsen day of first progeny emergence
and hatched eqg density and adult density are shown in figures 3.4
(C. chinensis) and 3.5 (C. maculatus). The C. chinensis data
(figure 3.4a) showed a significant linear relationship between hatched

egg density and day of first progeny emergence (,05>p> .01). In
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FIGURE 3.4 The relationships between day of first
emergence and (a) Hatched eqgq density and (b) initial
adult density for C. chinensis. Open circles in (a) are
for data from one adult pair, closed circles are from
5-60 pairs, and crosses are from 80 and 120 pairs. The
regression line is y = 23.68 - 0.00620 x; 05>p> .01.

. X +
Data in (b) are given as mean - s.e.
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FIGURE 3.5 The relationships between day of first emergence
and (a) hatched egg density and (b) initial adult density
for C. maculatus. Open circles in (a) are for data from

one adult pair, closed circles are from 5-60 pairs and
crosses are from B0 and 120 pairs., The curve is y = 25.96 -
0.0418x + D.DUUZZXZ; .01> p>,001. Data in (b) are given

+
as mean = S.B,.
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addition, the data in figure 3.4a can be divided in®n thres groups.

The hallz:« cirzles carresnond to the day of first aeimsrgence at hatched
egg densities arising from a sinjle pair of adults, whsare the mean was
22,9 days. The solid circles correspond to hatched egg densities
arising from intermediate adult densities (5 to 60 pairs, figure 3.4b),
Here the mean first day of emergence was slightly earlier (21.0 days).
Finally, the crosses in figure 3.,4a indicate the hatched egg densities
associated with high adult densities (80 and 120 pairs), where the

mean first day of emergence was later (23.9 days) than for one pair.

The data for C. maculatus (figure 3.5a) showed a significant
quadratic relationship hetwsen hatched eqg density and day of first
progeny emergence (.01>p> .001). These data can also be divided into
three groups. The mzan first day of emergence at hatched egg densities
arising from one adult pair (hollow circles) was 23,9 days.. At hatched
egq densities associated with five, 40 and 60 adult pairs (solid
circles) the mean first day of emergence was similiar, 24,3 days,

At hatched egg densities above 180, there was some indication of later
first emergence. This may have been due to increased initial density
in the larval stage, but as these two data are the ponly results from
dishes with an initial adult density of 20 pairs, they must be regarded
with caution due to lack of replication, Finally, at low hatched egg
densities érising from 80 adult pairs (crosses in figure 3.5) there

was a longer period to first emergence (25.8 days).

(v) In analyzing the data on progeny sex ratio, only data from
dishes where the number of survivors was greater than 30 were used,
There was no significant relationship between hatched egg density
and the sex ratio of the survivors in either C. chinensis (figure 3.6a)
or C. maculatus (figure 3.6h).

The mean proportion of male progeny in C. chinensis was 0.498%

0.0452 (s.d.) and C. maculatus was 0,54920.0742. OF these, only the
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FIGURE 3.6 The relationship between hatched egg density
and sex ratio (expfessed as proportion of males) of the

surviving adults. {a) L. chinensis. The regression line
is y = 0.5039 - 0.000024x; .80>p>,20, (b) C. maculatus.

The regression line is y = 0.5271 + 0.,000161x; .802 p> .20.
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sex ratin of CT. mazylatus groved La b~ significantly difforent from
11, To shaw this, the data must first b= exantned in sush a way that
a false accentance of the null hypaothesis is avaided (the null hypa-
thesis here is that the proportion of males is 0.5). This involves
a type II error, and a t-test with a confidence level of 0.50 is
appropriate. uwhen tested in this way, the mean gbserved sex ratio of
L. chinensis was not significantly different from 1:1, However, the
mean observqg sex ratio of. L, maculatus was significantly different
from 1:1, and the null hypothesis was rejected. To ensure that a
false rejection has not been made, the data may be retested avoiding
a8 type I error. The data for L. maculatus were retested in this way
and the null hypothesis was rejected uwith p <.0b1 (i.e. the sex ratio
of C. maculatus was significantly different from 1:1). These results
were also obtained when the data were transformed to angles (where
the analyses were performed on the new variable y=arcsin((sex ratio)%).
This tramsformation impraves the distribution properties of proportions,
but is enly of particular value when some of the proportions lie out=-
side the range of 0.3-0.7 (Snedecor & Cochron 1972),

(vi) There was no significant relationship between hatched egg
density and the fecundity of the progeny in either species (figure 3.7).

+

The mean ferundity of C. chinensis progeny was 40.2 -

—

15.6(s.d.) and

of C. maculétus progeny was 44,6 Z12.6 eqgs per female.

3.5 Discussion of results

Manotonically increasing ar hump=d reproduction curves such a§
those found in this study for C. chinensis and C. maculatus (figure
3.1) indicate the presence of regulatory mechanisms acting on a
population (density dependence). Comprehensive reviews of populaticns
showing these types of reprodunti&n curves have been given by Tanner

(1965) and Ha=sell, L-~:ton % May (1875)., Thes=s types of renrvoduction
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FIGURE 3.7 The relationships between hatched egg density
and fecundity of the progeny (total eggs laid by isolated

pairs) (a) L. chinensis. The regression line is y = 45.82
- 0.0247x; .20>p> .10, (b) €., maculatus. The regression
line is y = 37.00 + 0.0635x; .80>p> .20. The hollou

circle in (b) indicates a repeated point.
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curves are ccmmon in insect papulations maintained in the labaratary,
and have been fournd in the Coleoptera (e.g. Park 1832; Htida 1941b;
Crombie \‘NS), D{ﬁTenL (e_ . Pear) + Par ker \Q22> N Lep'ldopTero.(e.%.

Crombie 1945; Hassall®& #uffaker 1369) and the Hymenaptera (e,g.
Utida 1943a; Hassell & Huffaker 1969; Hassell & Yarley 1969), In
particular, a numbzsr of workers have noted reproductiaon curves far

C. chinensis and C. maculatus similiar to thoses in figure 3.1, Utiga
(1941b) defined the reproduction curve of C. chinensis by an experi-
mental approach similiar to that taken here, 1In ather studies the
shape of thess curves have been determined by considering succesive
papulation sizes in long-term cultures (e.g. Utida 1959; Fujii 1968;
Nakamura 1963; Okamato 197ib)., The results of all thase studies
confirm the gresent findings ;hat the reproduction curve of [, chinensis
is nearly monotonic, showing only a slight hump, while that of C.
maculatus is mnre steeply humped, showing a severe reduction in the
numhar aof praageny at high densities., From these results, inferences
can be drawn ~oncerning tha expectad anaulation dynamics nf these
species, specifically that paonulations of C. chinensis shauld show
quickly damped oscillations following a disturbance from equilibrium,
while populations of C. maculatus would show more sustained oscillatians
ar stable cyclic behaviour followinga disturbance from equalibrium,
This subject will be treated more fully in the next section.

The reduction in fecundity in respamse to adult crowding, such

as observed here in these species of Callasabruchus, is well knoun in

‘laboratary insect popuiations. The work of Crombie (1942, 1943}, Ullyett
& van der Merwe (1947) and Snyman (1949) on grain insects and Hassell &
Huffaker (1969), Hassell & Varley (1969) and Hassell.(1971) an parasitic-
~Hymenop tera have demanstrated the generality of this phenaomenon, 1t has
-alsa been abserved by Utida (194%1a) in C. chinensis. Fujii (1968),
however, warking in laféer experimental tégeé:than either those

used here or by Utida (1941a), did not find any reduction in
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fecundity in either C. chinensis or €. maculatus as adult density
increased,

The reduction in perecentane of eggs hatching as adult density
increases does not appear to bave been reported except in populations
of C. chinensis (Utida 194%a, c). tida (1941c) suggested that this
was a result of mechanical damage to the eggs by the adults moving
over the beans. Although this phenomenon has not been reported for
C. maculatus, Utida's suggestion appears to account for ths more
severe density dependent reduction in the percentage of eggs hatched
in this species than in C, chinensis. C. maculatus adults were less
capable of climhing the walls of the experimental dishes, and were
generally more active than adults of C, chinensis, possibly resulting
in more damage to the eggs. It is roteworthy, however, that Oshima,
Honda & Yamamoto (1973) have isolated an oviposition marker from C.
chinensis that is ovicidal at high concentrations (Honda, Oshima &
Yamamota 1374),

The relationship nhetween hatched egg density and the number of
survivors was a monotonically increasing curve for both species,
indirating contest competition in the larval stage with little or no
overexploitation of resource. This type of competition has also been

found in larvae of Rhyzopertha dominica (F.) and Sitotroga cerealella

(0liv.) infesting whole wheat grains (Crombie 1944). More generally
in laboratory insect populations there is a humped relationship
between initial density and number of survivors (e.g. Park 1938;
Snyman 1949; Ullyett 1950; Nicholson 1954; Miller 1964). These
humpad relations reflzct scramhla competiticn vhare at high initial
densities the resource is overexploited, resulting in high mortality.
A monotonic relationship betueen'hatchad egg density and larval
survival has bsen demonstrated by Utida (1942) for C. chinensis, but

both Utida (1967) and Fujii (1968) have reported a humped relationship
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for C. maculatus. Fujii (1965) recorded hatched egg densities for
C. maculatus as high as 50 per bzan on a host whose seed is slightly
smaller than that used here. This is more than twice the maximum
density of hatched eggs per bean recorded for this species in this
study., At such high densities overexploitation may have resulted in
considerable mortality and a humped relationship between hatched egg
density and the number of survivors.

The larval mortality observed at low hatched egg densities in
these species was considerably higher in dishes with high initial adult
densities than in those with fewer adults. 1In dishes with high adult
densities, where there was considerable egg mortality (resulting in
few hatched eggs), there also appeared to be a higher mortaiity among
hatching larvae than in dishes with fewer adults. This was possibly
due to the same cause that effected the high egg mortality., This
phenomenon was more pronounced in C. maculatus than in C. chinensis.

The processaes responsible for the density dependent reproduction
curves in figure 3.1 can be clearly divided into two groups, those
which limited the number of recruits to the larval stage and the
subsequent process of larval competition. It is clear from a considera-
tion of figures 3.2b and 3.3b that competition in the larval stage was
compensatory; the number of survivors reached a plateau as density
increased.‘ As oviposition by these species was not overcompensating
(figures 3.2a and 3.3a), the hump in the reproduction curves was due
to the overcompensatory processes which limited egg hatching.
Consideration of the density dependence shown here by the adult stage
is crucial to the understanding of the regulatory mechanisms acting
on these populations and it will be seen in the next section that
competition in the adult stage is responsible for oscillatory behaviour

in the models developed for these species.
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The first day of em=rgance w2s nearly cons®ant over 2 caonsider-
anle ranse of hatehed egg densities far both species. This is in
agresment with the gualitative obsarvations on the effect of adult
density on developmental period made by Utida (1967) and Fujii (1965,
1967). Crombie (1944) also noted a density independent developmental

period for Rhyzapertha and Sitotroga. Park (1938), however, found

that larval developmsnt in Tribolium confusum (where larval competi-

tion is of the scramble type) was considerably prolonged at high

larval densities, In the populations of C. chinensis and L. maculatus
studied here, the first day of emergence was later in dishes with

high initial adult densities, and this was probably due to mortality

of the eggs laid early in the experiment when adult activity was highest.
The slight advance in the day of first emergence at intermediate and

high hatched egg densities observed in C. chinensis might have been

due either to a lack of a prezovinosition period in the crowd=d adults

ar to a@ slightly hijrer temperatyra, and honce quicker davelopment,

in the more dense larval populations.

The sex ratioc in both species was constant over the range of
hatched =2qq densities investigated, implying no competitive advantage
to either sex. The 1:1 sex ratio ohserved here for C. chinensis
agrees with the findings of Utida (194%1a) and Howe & Currie (1964).
Howe and Currie also reported a 1:1 sex ratio in C. maculatus, but
in the present study the sex ratio observed in this species was
1.10:1 in favour of males. The reason for this is net clear,.

There was no significant relationship betweesn hatched egg
density and progeny fecundity in either C. chinensis or C. maculatus.
A number of authors, however, have reported a reducticn in adult size
or weight as larval density increased for a variety of insects (e.q.
Park 1938; Snyman 1949; Ullyett 1950; Nicholson 1954; Bakker 1961)

and this reduction in size mey suggest a reduction in adult fecundily
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{varlay, Graduell % Hassa2ll 1973). In both the Lepidoptera (Plodia

interpunctella Hiibner, Snyman (1949)) and in the Diptera (Ullyett

(1950) working with three species of blowflies) positive relationships
between adult weight and fecundity have been demonstrated. Ullyett
(1950) has also measured directly a reduction in fecundity with
increasing density in the larval stage., All of these studies have
dealt with species in which larval competition is of the scramble type.
In C. chinensis, and in this study in C. maculatus, larval competition
is of the contest type. In such cases the larval population does not
overexploit its resource, and adult weight and fecundity may be less
affected by density than in cases of scramble competition. Although
Utida (1941b) has shown for C. chinensis a slight reduction in adult
weight as hatched egg density increased, the results presented here
indicate that there is no effect of hatched egg density on progeny

fecundity in either species.

3.6 Development of mndels

The population models developed here for C. chinensis and C.
maculatus have been based on the quantified reproduction and survival
curves of figures 3.1, 3.2 and 3.3. The interpretation of these curves
as simple population models has been suggested by a number of authors
(esg. May & Oster 1976; Varley, Gradwell & Hassell 1973), The single
age-class maodels have been based on the reproduction curves in figure
3.1, and the two age-class models were developed from the density
dependent oviposition and survival curves of figures 3.2 and 3,3. 1In
this section the assumptions made in the construction of the models
will be briefly examined, the single and two age-class models will be
explicitly developed, thejrStability properties will be discussead,
and finally tha predi=tions nf *he maydels will be compared with

published results on thez long-term population dynamics of these species,
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3.6:1 The assumntions af tha mod=ls

Danulation madals framad in difference esnuations have a numher
of implici% assumations, tha most important aof which is discreteness
of genszrations or stages. . In these experimental
systems this assumotinn is well founded, since the adults are short
lived and the length of ths oviposition period is less than one third
of the preimaginal developmental period. PMore importantly, Fujii
(1968) and Utida (1941d, 1967) have noted that generations remain
discrete in lang-term labaoratory cultures of these species. A less
critical assumption is that generation time is constant, sn that
populations in different generatiaons are subject to unit time
intervals of competition. Finally, for the fermulations used here,
it is important that there is no delayed =ffect af density between
succesive generatians, such as changes in fezcundity or sex ratio.
Exrerimeontal result=s have confirmed that these assumptions are not
violaced in tne 2xgarimental systess ysed hara,  Although significant
relatinnships were found between density and developmental period,
the range of developmental period in relation to the mean was small,

and is here assumed constant.

3.6.2 Single age-class models

The singles age-class population models developed hers were
based an the reproduction curves shown in figure 3.1 The models
have the form

Al = ApN_(1+(aN )b)'1. (3.5)
t+1 t t
The parameters a and b define the density dependent shape of the
curve as in equation 3.1 (see also page 32 %bﬁs the effective net
rate of increase per female, and g is the proportion of females in

the population, The value of p was taken as 0,500 for L. chinensis

and 0.451 for C. maculatus. The values of the other parameters uwere
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taken fram the fitted curves in figure 3.1 and are given in tahble 3.1.
The fitted wvalue for A may be compared with the mean number of progeny
from one pair af adults (table 301).  In neithe: specicn o2re tho
estimates in close agreement; A was estimated higher than the mzan
numbar of progeny from one pair for . chinensis and lower for C.
maculatus.

The simulations of the single species models for C. chinensis
and C. maculatus are shown in figures 3.,8a and 3.9a, respectively.
8oth models demonstrated an oscillatory approach to a stable equilibrium,
The model for C. chinensis was more stable than the maodel for (C.

maculatys, as discussed more fully below.

3.6.3 Two-age class modals

Posulations of Callosobruchus may be easily divided into tuwo stages,

adults and "larvae", where the "larval" stage includes all the non-
svipnasiting deyaloamental sianes (n39s, larvas, punpaz and pre-emergent
'édults). fhe tw? age-class models developed here were based on su;h a
division, and the models for the two phases of adult oviposition and
larval develapment were hased on the fitted curves in figures 3,2 and
3.3, Oviposition was considered to be the number ofrhatched eggs laid
(broken lines in figures 3.2a and 3.3a). The models for larval
competition were hased on the fitted curves in figures 3,20 and 3.3b.

There are two approaches which may be taken for the development
of a tuwo age-class population model. The usual approach has been to
consider the time required for the completion of one generation to Se
unity, and that dzvelopment within both stages occurs in one time
step (VYarley & Gradwell 1968 ; Hassell & Huffaker 1969; Benson 1974;
Hassell 1975). 1In this approach the model has the form

Ly = Atf(At), (3.6a)

A =

oy (3.60)

(
Lt+1g‘Lt+1)'
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TASLE 3.1 Thz paramaters used in the single age-~class model,
obtained by fitting equation 3.2 to the data in
figure 3.1. Tha mean numhers of progeny from
isalated pairs are included for caomparisgn uith
the fitted values of A .

pArameter . L. chinensis T L. macul=ztus
a 0.078738 0.040590
bl F.rE0 2.21748
A 31,373 15.849

mean number of
progeny from one 24,6 28.3
pair
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FIGURE 3.8 The simulations of the (a) single age-class,
(b) two age-class model (1) and (c) two age-class model
(II) for C. chinensis. The single age-class model is
from equation 3.5, the two age class models arise from
equations 3.7, 3.9, 3.10 and 3.11. Fitted parameters are

given in tables 3.1 and 3.2.




85

(a)

1201

8o

401

8zTs uotjetrndod 66a

1350
-} 250
5

T G pem—— e S— —— r—— —  S— S—

-
- —

———

/F\__

120, (b)

8zTs uotjelndod 3Tnpy

50

-$50

~_bso

-N50

25

20

15

10

Time (arbitrary units)



86

FIGURE 3.9 fhe simulations of the (a) single age-class,
(b, tuo age-class model (1) and {c) the tuwo age-class
model (II) for C. maculatus. The single age-class

model is from equation 3.5, the two age class models arise
from equations 3.7, 3.9, 3.10 and 3.11. Fitted para-

meters are given in tables 3.1 and 3.2,
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The function f{A) defines the net per capita aviposition, and the
function q{L}) defines the proportionate survival during development
from larva= t2 adults, The equation for larval recriutment (oviposition)
of equation 3.6a may he subsituted into equation 3,50 to jiva
= A f( gl (a, M) 7z
TR NN EERCIIN (3.72)
ar
= = ( h{ = f . 30
Apa = AR, n(A) = F(A)3(Af(A)) (3.75)

This formulation is analogous to a single age-class model where the

function h(A) now defines the net per capita reproduction, Equation

3.7 may be consider=sd as a twa ages-class reproduction curve, and the
predicted faorns of thes= curves are presented as broken lines in
figure 3.1 for the fitted equations of f(A) and g(L) discussed belou.
The population model of equation 3.7 will be referred to as the two
age-class model 1.
An alternate approach has been discussed by May et al. (1974).
In this approath the time step is also unity, but devalopmant in
each staje roquires gne unit of time so that two time steps are required
for the completion of a generation. Both larvae and adults are present
in each tim= step, and the form n% the model is
Lyg = Atf(Lt,At), (3.8a)
At+1 = Ltg(Lt,At). (3.8b)
Mote this mndel includes the potential for interaction between the
larval and adult stages, since the functions f and g depend on both
larval and adult population sizes. UWhere oviposition and larval
development are independent, as is the case with C. chinensis and C.
maculatuys, the functions f and g depend only on the number of adults

and larvae, respectively. Equation 3,8 now becomes

Lt+1

= 1 3.
Ao = Lyally). (3.90)

ALP(ALD, (3.9a)
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In the mndal af equation 3.9 the nooulatinn corsists of tua non-

intaranmting cohorts or suhpogpulations, one which is in the adult

4]
ot

age at times t, t+2, t+4, etc, and one which is in the adult stage
at times t+1, t+3, t+5, etc. (This phenamenon has also been observed
in a similiar two-speciss two age-class model developed by Hassell &
Camins (1976).) The model of equations 3.9 will be referred to as
the two age-class model IT.

In both of these two age-class models the faorms of the functions

f{A) and g(L) are the same:

F(n) = p A (1a(an )27, (3.10)

g(L,) = s(1+=L )N, (3.11)
The parameters p, A , a and b in equation 3.10 have the same
interpretation as in equation 3.5. The parameters ¢ and d in equation

3.11 datermine the dansity dependent form of the function g as described

atnve for th= paramatars

jw

and b in equation 3.5. The parameter s

i= the density indenendent proportionate survival in the larval stage. -
The values used for the parameter p were 0.500 for C. chinensis and
0.451 for C. maculatus as for the single age-class models. The values
of the other paramaters were obtained by fitting the mndels to the

data in figures 3.2 and 3.3, and are given in table 3.2Z2. 1In boath
species the estimated value for A was considerably less than the
observed number of hatched eggs laid by isolated pairs (table 3.2).

The fitted parameters and equations 3.10 and 3.11 may be used with

£

equation 3.7 to provide an estimate of the reproduction curve for
these species, and these curves are shown as broken lines in figure
3.1 These two age-class reproduction curves provide a reasonable
description of the data, but their fit at high densities was poorer
than that of the fitted single age-class model.

The simulations of the two age-class models I and II are shoun

in figure 3.8 (b,c) for C, chinansis and in figure 3,9 (h,c) for
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Talls 4.7 ine paramsters ased In o the tyo age-class magels,  The
vilues in (a) were a9tainad by fitting eguation 3.4 to
the rata on number 2f hatchad o395 in figures 3,2a and
.30 The m=an numhar of hatched engs laid by one pair

[RE Py

are included for comparison with the fitted values of
A . The valuas in {(b) were obtained by fitting egquation
3.1 to the data on larval survival in figures 3.2b and

3.3b,
parameter €. chinensis C. maculatus

a 0.017429 0.030014

b 17737 2,4806

A 22,929 26.588
mean number of
hatched eggs from 30.0 37.4
one pair

(a)

narametay L. fhinansis £. maculatys
c 0.0047084 0.0039716
d 1.3738 1.9503
s 1.00820 0.683335

(b)
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C. maculatus. All of the models showed oscillatory damping to an
equilibrium, which is in accord with their local stablity properties
discussed below. Since one generation requires two time steps in model
II, the time taken to reach equilibrium is longer than for model IX.
However, if the subpopulations in model II were given values equal to
the initial population size in model I, the number of generations re-
quired to reach equilibrium would be the same in both models. In the
single age-class model and in the two age-class models I the oscilla-
tions have a period of two time steps (twice the generation time).

In the two age~class models II (with a generation time of t = 2) the
oscillations have a period of approximately four time steps. 1may et al.
(1974) have pointed out that models of this type (II) may have oscilla-

tions of any period.

3.6.4 The local stability of the models

Although the stability properties of all these models may be
roughly characterized by inspection of the simulations in figures 3.8
and 3.9, a more quantative comparison is possible by considering their
local stability properties. Such a comparison may be based on the
dominant eigenvalue of the interaction function (for single age-class
or two age-class models I).or of the interaction matrix (for two age-
class models II1). These ideas are set out more formally in appendix
A, and it is sufficient here to note that the models are locally stable
only when the magnitude of their dominant eigenvalue is less than
unity (May 1974), that is|X|<1. 1n the region 0<‘Xl< 1, models are
more stable as ‘X‘ approaches zero and less stable as |X‘ approached
unity. For single age-class and type I tuwo age-class models,
approach to equilibrium is monotonic for values of 0< X <1
and oscillatory for -=1< X <D.. For type 11 two age - class models,
eigenvalues may in general be complex numbers, and damping is

monotonic if all the eigenvalues have zero imaginary parts.’
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Th2 eiqgenvalues and their magnitudes for the six models developed
ahnve are given in table 3,3,
All 2f the eizenvalii2s were either nagative ar had
nonzero imaginary parts, implying an oscillatory approach to equili-
brium. The models developed feor L. chinensis werm all more stable

(had smaller values for IXI) than those for C. maculatus. Ffor C.

chinensis the two age-class model 1 was more stahle than the single
age-class model, and for C, maculatus both two age-class models were
morestahle than tha single age-class model, Ffurthermore, both of the

type 1 two age-class models were more stable than the corresponding

o

tyam 11 madels.  This ic a genaral faature of any twa models nf tyr

I and Il of any number of age-classes which are defined by the same
density dependent functions, A type I model of n age-classes which
completes a generation in one tim2 step will be more stable than the
corresponding type 1T mode) which complates a generation in n time
stera fa20 aganen-in A),
The stability of ths single age-class models may also be deter-
mined by considering their position in the stability diagram of
figure 3.70a. Here the regions of different dynamic behaviour are
defined by the values of the parameters p, 21 and b of equation 3.5.
The boundaries betueen these regions have been determined by a
linearized stability analysis, the details of which are given in
appendix A, Both models were placed in the region of oscillatory
damping, and the model for C. chirensis was positioned nearer the more
stable region of monotonic damping than the model for L. maculatus,
May et al. (1974) have outlined a procedure which determines
the relative contributions of density dependence in the adult and
larval stages to the stahility of‘type IT tuo age-class models, In

mathematical terms, the density dependence in the adult (oviposition)

stage is characterized by the value of ths derivative of the logarithm
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TASLE 3.3 The eigenvalues and their magnitude for the six
population models develeped for C. chinensis
(figure 3.11) and C. maculatus (figure 3.12).

Madal C. chinensis C. maculatus
sinals Age-class -1,170 0,173 -N.908 0,909
two age-class (I) -0.059 0.059 -0.632 0.632
two age-class (II) 0.059i 0.242 0.632i  0.795
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FIGURE 3.10 The stability boundaries for (a) the single
age-class model of equation 3.5 and (b) the two age-class
model (II) of equations 3.9. ((b) after May et al. 1974).
Open circles indicate the models for C. chinensis. Closed

circles indicate the models for E. maculatus,
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of the function f(A) (equation 3.10) with resaect to the logarithm

of aoult density, evaluzsied a* enjuilibrium,

] d ln f\*
Lq - - (d lnA) . (3.12)

Similarly, density dependence in the larval stage is defined by

| ,d ln gy¥
ba = - (G - (3.14)

Stability boundaries for the two age-class madels (I1) based on the

!
naramsters bLA

and.b%L have heen given by May et al. (1974) and are
shown in figure 3,70b. The position of the madels in this stability
plane indicate the higher relative stability (nearness to the region
of monotonic damping) of the L. chinensis model. In addition, it may
b= sa2a that density dependense (2% tha squilibrium) is greater in
both models in the adult stage than in the larval stage (bLA> bAL).
It is this greater overcompensating density dependence in the adult
stage which positions the models in the region of damped oscillations
in figure 3.10b and gives rise te the oscillatnry behaviour of the
moinls, Finil?f, = e omgool T UL maeedb g eagily depnndence
(at equilibrium) in the adult stage was greater than in the model for

€. chingnsis, and in the larval stage density dependence was greater

in the model for C. chinensis than in ths mod-2l for £. maculatus,

3.6.5 Comparison of model predictions with litsrature studies

One objective in th= construction of thes2 models was to provide
a mathematical description of the population dynamics of these species.
The success in achieving this objective may be partially measured by
comparing the simulations in figures 3.8 and 3.9 with the results of
long term studies of populations of the tuo species. A number of
such studies have appeared in the literature, and the findings of a
selection of these are presented in figures 3.11 for C. chinensis
and Figura 3.12 faor C. macul=atus, ‘The general implications of these

results may be discussed without involving them in detajled analyses,
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FIGURE 3.11 Some representative studies on the

dynamic behaviour of populations of C. chinensis. Ubata
in (a)-(d) from Fujii (1968) and in (e) from Utida (1967).
Note the general monotonic or slight oscillatory approach

to equilibrium.
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FIGURE 3,12 Some representative studies aon the dynamic
behaviour of populations of C. maculatus, Data in {(a)
and (b) from Utida (1967) and in (c)-{d) from Fujii (1968).

Note the general occurrence of oscillatory behaviour,
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The rosults in figure 3.11 indicate that populations of C. chinensis
senerally <how monotanic or slismtly 23cillatory appronches o
equilibrium, and those in fiqure 3.12 indicate that C. maculatus
populations show either mora prolonged oscillatory damping to an
equilbrium or stable cycles. These findings are in qualitative
agreement with the dynamics of the models developsd here, specifically
that the models fnr C. chinensis show rapidly damped oscillations to
equilibrium and those for (. maculatus show a longer period of
oscillatory behavinour before equilibrium is reached,

The single ags~class models and the twon age-class models I
shawad oscillatinns wi 4 perind nf gznarations, This is in
accord with most of the papulations showing oscillatory behaviour in
figures 3.11 and 3.12, The type Il models developed here showed
oscillations with a period of t = 4, but as the generation time for

these models was two time units, the oscillatinns in these models also

Fyoaed i A BRI | ‘ v -
] R 5

011 of thn studies
presented in figures 3.7%1 and 3.12 were started with a single initial
cohort of adults and, since the generations remained discrete, they
may be cansirdered as validation studies for the single age-class and
type 1 two age-class models, In order to validate the type 11 models,
long term experiments would have to commence with two cohorts of
adults, one at t = 0 and another after these adults had finished ovi-
positing but prior to the emergence of their progeny, say at t = 3.

It would also be necessary to provide the second cohort of adults
with fresh host beans for oviposition to ensure that the assumption
of non-interaction between the cohorts was not inolated, Althaugh
such a study has not appeared in the literature, the success of the
other models in predicting the dynamics of these species suggests that

the type 1I models presented here would provide reasonable descriptions

of the dymamics of such systems,
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3.7 Conclusinns

Tnsect population mordals have nften been based on quantified
reprnZuction Aand survival curves arising from data taken from long-
term populatinn studies. An alternate and comnlimentary approach has
been taken here where the form of thases curves are determined by
single-generation experiments. Such an approach has a number of
advantages related primarily to the ease of manipulation of an experi-
mental system. Factors of interest can be tharoughly investigated in
regiaons where long tarm population fluctuations rarely occur, such as
extremely high or low densities. Complex phenomena, such as inter-
Actinns hetueen cohorts of Jdifferant ages, may be more easily studied
than in natural populations. Ffinally, observations may be repeated
or experiments designed with particular analyses in view providing
easier analysis of results.

Fodels developed from expsrimentally determined reproduction
curves may be yalidated hy cosparison of model predictions with results
of long~tarm studi=s. Uharz guantiiative predictions are of interest,
validation studies would neccesarily involve a system immediately
rclated to that from which the models wzre develonped (i.e. identical
strains of species and host food, same environmental conditions, etc.).
Where qualitative comparisons are adequate, as was the case in this
study, publishad studies on related systems may pravide sufficient
information for validation. Although the development of models by the
methad proposed here is proktably limited to the study of laboratory
populations, the finding of such studies may provide genefal insight
into the problems involved in insect gopulation madelling and
consequently generate a sound basis for more conventional model

development from, or life-table analysis of, data from field populations,
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Chapter TV, INTRASPECIFIC COMPETITION TT.

4,1 Introduction

In the previous chapter, models were develaoped which provided
simple mathematical descriptions of the single-species population

dynamics of the tun weeviles Callosobruchus chinensis and £. maculatus,

It is the object of this chapter to develop a more detailed model of
these populations, The model will he framed in difference equations
using a time step of one day, and the purposes of the model will be

to predict changes in population size and composition from one day to
the next. The model will be primarily concerned with the processes
of oviposition, instar development and mortality, and each stage of
th~ life history of *h=2 ws=vil (i.=2. eggs, four larval inatars,
pupae and adults) will be individually consiceoread.

This chepter is roughly diviziole into three parts. The first
section (fcllowing this introduction) sets out the explicit develop-
mznt of the model, initially by constructing a submodel for oviposition
and adult mortality and subseguently constructing a submodel which
describes development and mortality of the pre-imagined stages. 1In
the second section, data are presented which permit the quantifica-
tion of the model's parameters., In the last section, the model is
used to simulate the behaviour of populations of L, chinensis and

C. maculatus and the results of these simulations are discussed.

4,2 Develonment of the model

4,21 The owvinosition submadel

The object of this submodel is to provide a prediction of the

total number of eqgs laid on any day t by a population of adults with
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a snecified age s*tructure, The model will be develop=ad here in thres
stages. First, the life-span of the adults will be described by an
age snecific survivorshin function. Secondly, the daily ovipaosition
record of the adults will be included. Fimally, provision will be
made for a density depenaent reduction in fecundity due to either

egg or adult crowding.

The model for adult life span is based on the simple premise that
the adults have age specific density independasnt probabilities of
daily survival, (Utida (1941c) has shoun a decrease in mean adult
life span at high densities in C. chinensis, but these decreases were
small and this phenowznza will not he consideced here.) Suppase the
probability of an adult surviving to age j is Eﬁil so that fhe
probability of an adult dying before age j is 1 - p(j). The probability
p(j) may be viewed as the proportion of a cohort surviving to age j
and the number of adults surving to time t (A(%)) of an initial
cohatt of AL2) adnlt-~ will thus b2 given by

A(t) = p(t) A(0). (4.1)
Equation 4.1 assumes that the age specific survival probabilities
are the same for both sexes. This is unlikely to be the case but en
extension to different Eiil's far the two sexes is straightforward.
For the sake of simplicity the continued development of the model will
incorporaté only one set of Eiil's for the adults irrespective of sex,
If there are several cohorts present which have at time t ages 0,1,
2,...,t then the total number of live adults at time t is given by
t
A(t) = 25 p(3) A(t-3) (4.2)
j=0 A
where A(t-j) is the initial size of the cohort of adults having age
j at time E. Fquation 4.2 forms the basis for the oviposition sub-

model.

In order for equation 4.2 to be used in a population model it is
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necessaty to quantify the elements p(j). These elements could be set
ecual to the observed proportion of a enhart of adults survivng to
age i, aor a parametric distribution which defines the p(j)'s might
be specified, and the parameters of the distribution estimated from
data on adult life-span (Birley 1977). The parametric approach was
taken here, and the function used was a discrete form of the normal
distribution where p(j) is given by
1 J 2
p(3) = 1= (ko 27 ) [Tep(A((t-p )/ 0)D) gt (4.3)
_ —ca

Thz elements g(*) are here specified by tha tun parameters M and o2
which appraximate the mean and the variance of adult life span, This
is nnly an approximiation since the age index 7 is not parmitied to he
negative and hence the distribution p(j) is truncated at zero; this
approximation is more precise when M >:>02. Since the elements
o(j) represent a probabjlity density function it is necessary that

their sum is aqu-l tn unity, but the troncation of nf§) at zero will

causna thsir sum 9 52 4on soall, Thus a normelizing constant k is

required to ensure that the sum of pgj} over the range of j required
is unity.
Equation 4.2 may be mndified by 'including age specific fecundities

1(j) to give the number of eggs laid during the interval t to t+1,
t

e(t) = ZJ q 1(3) p(3) A(t-3). (4.4)
=
Here gigl-is the numberuof eg3s appearing, 1(j) is the number of eggs
laid by a female of age j, g is thz preoportion of females in the pepula-
tion and Eiil and A(t-j) are defined as for equation 4.2, The values
of liil will be definzd here as the experimentally determined fecundity
af females nf different ages; 1t is unlikely that a parametric
distribution would be found suitable for describing daily fecundity.
It remains to include density dependence in the oviposition model

of equation 4.4. As was discussed on page 58, thes number of eggs laid

by females of C. chingnsis and C. maculatus decreases as adult density
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increases, This raduction in fecundity might have been due simply ta
adult crowding or possibly to a reduction in oviposition in enviroments
which eantain large numbers of eggs. If these two responses are
independent aof adult age they may be included in the submodel by add-

ing to equation 4.4 tuwo density dependent functiaons ha(ﬂ) and h;(E):

t
_ - . 3 s
e(t) = 3% h () hi(E) a 1(3) p(3) A(t-3). (4.5)
The number of eggs appearing betuesn times t and t+1 depends, as

befaore, an the number and age of the adults present and also an the

total egg density E. The terms ha(A) and hé(E) (the subscript a

ipdicates that these functions act on the adult stange) are density
dependent functions which represent the proportionate reduction in
daily fecundity due to adult or egg density and must take values in
the range 0-1. A suitable formula for these functions is the density
dependent model of Maynard Smith & Slatkin (1973),

h a) = (1 L)), (4.5)

) _vd =1
hé(t) = (1 + {(=2)7)

. (4.7)
The parameters a and £ are scaling constants which determine the
densities at which adult or egg crowding causes a given propartionate
reduction in fecundity. The parametsrs b and d determine the severity

of the density dependence {see page 32 ), with the severity increas-

ing as b {or d) increases fram zern (no density dependence).

4,2.2 The larval population submadel

It is the abject aof this sectian to develop a model which predicts
the changes dus to develspment andd mortality which occur in a cohort
of individuzls as it proczeds frem entry into a given stage until it
leaves that stage (a cohort is here taken to be a group of individuals
entering a stage at the same time). The approach taken here is to
canstruct a new madel of a cohort life-table. The madel is structured

in such a way that it may be used for aralysis as well as prediction,
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and consequently parameters of the model may be directly estimated

from data. Ihe model will be developed in three steps. tirst, a

cohort life-table model will be developed which predicts the changes
which occur in a cohort due to development and density independent
mortality. The model will then be extended to include density dependent
mortality in the form of intrastage competition. Finally, provision
will be made for interstage competition., The model is intended to

apply to all the non-ovipositing stages of the two Callosobruchus

spacies which includes the eggs, four larval instars, pupae and the
pre-gmergent adults., The model will be constructed using a time step
of one day and will finally consist of a recursive relation which
describes the size, stage-composition and age-structure of a popula-
tion at time t as a function of those at time t-1.

The development of this submodel begins with the premise that
the developmental period of an instar is not constant, but different
individuals develop at different rates so that there is a distribution
through time of individuals from a single cohort completing develop-
ment of an instar. This distribution of the developmental period
may be described by a probability distribution function fi whose

—

glements fi(j) specify the probability of an individual in stage i

moulting to stage i+1 at age j (age is here measured from entry to

instar i), These probabilities fi(j) may be interpreted as the pro-

portion of individuals of an initial cohort xi(O) which moult to the

next stage upon reaching age j so that the number of individuals
moulting to stage i+1 between times t and t+1 (assuming for the

moment that no mortality occurs) is described by

xi+1 (t) = xi(O) fi(t)° (4.8)

The total number of individuals of the initial cohort xi(O) which

have moulted to stage i+1 by time t, xi+1(t), is given by
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t
t) = x.(0) f.03 4.
fa(t) = (0 2 ), (4.9)
and thes total number of individuals remaining in stage i, Xi(t), is

D I

t
X, (1) ==x,(0) 25 ,(3)+%00)
j=0

t
= %, (0) (1 - 3 F(3)). (4.10)
3=0

The summation of the probability distribution fi from zero to t in

equations 4.9 and 4.10 is the value of the cumulative probability

distribution Fi(t),

t
Fo(t) = 25 £, (). (4.11)
3=0

The value Fi(t) is the probability of an individual having moulted

from stage i to stage i+1 before time t+1 (time is again measured
from entry to stage i) and may be viewed as specifying the proportion
of a cohort which has moulted to stage i+1 up to and including time
t. Similarly, the value 1~Fi(t) gives the preportion of the cohort
still present in stage i at time 1, The total number of individuals
present in stage i may be now represented as (substituting equation
4,11 into 4.10)
Xi(t) = xi(D) (1 - Fi(t)). (4.12)

The distribution fi gives the praportien of the initial number
of individuals in a cohort which moult to the next stage at different
asec., Tt i3 well approciat~d, hawsver, that tho nusber of individuzls
in stage i of any cohort may be reduced not only through losses due
to moulting but also through mortality., 1In order that this model of
a cohort life—tahle may allow for mortality it is useful at this
point to specify one further distribution Gi whiches gives the pro-
portion of individuals in a cohort moulting to stage i+1 as a function

of the nurber of the individuals of the cohort present in stage i,

rather than as a furction of the initial number of individuals in
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the cohort. The elements Si(j) of this distribution specify the

conditiaonal prosabilities of an individual moulting to stage i+1 at
age j given that the individial was s5till in stagz 1 at age j-1,
The distribution Gi may bhe derived from the distributiens f, and

i

Fi as followus, It is necessary to define thz proportion of those
individuals of a cohort still in stage 1 at timz t-1 which moult to
stage i+1 at time t. Recalling from equation 4,12 that the numher of
individuals present in stage i1 at time t-1 is

,xi(t—1) = xi(O) (1 - Fi(t—‘l)) (4.13)
and that the number of individuals changing stages at time t is

{from rnuatinn 4.5}

= 4)
then the required proportion of individuals changing stages is
given by dividing equation 4.14 by 4,13,

- f, l-‘./;
xi+1(t) e x{xU) .jku) ) (4.15)

X (=) e () (- F (e

The ratie of equation 4.15 defines the value of Gi(t),

F(0)

G, () = 7 FeT (4.16)

and to complete the definition of the distribution it is only necessary

to define Fi(—1) = 0 {th~ dis*rihution F; is normally truncated at

zera) so that Gi(O) = fi(O). The relationships between the distribu-

tions fi, Fi and Gi are shown for a hypothetical case in figure 4.,1.

The unimodal (singly peaked) developmental period distribution fi in

figure 4,1a gives rise to the sigmoid cumulative distributien Fi in

figure 4.,1b. The2se two distributions were compcunded using =quation

r

4415 to give the conditional distribution of davslonment Si in

figurn 4.1, In this example Cihés a complex shape, but whan the
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FIGURE 4.1 A positively skewed developmental period

distribution fi(a) and the resulting distribution of

cumulative development Fi(b) and conditional distribu-

tion of development Gi(c). The distributions shoun

arise form equation 4,22 uhere M= 0.3 and c= 0.1,

See text for discussion.
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distrisution fj is narrower or symmetric the form of G, is a sigmoid

5
-~

tolatianship similiar to that describad by F..
i

Tne use of thz distribution Si permits davelopment of a life-
table analysis whesre the fate of any cohort may be described by two
recursive relationships., Considering first the effects of development,
the changes in a cohort are specified by the tuo equations

x; () = G6;(8)  x,;(e=1), (4.17)
x.(t) = (1 -G, (t)) x.(t-1). (4.18)
i i i
Equation 4.17 gives the numher af individuals of the cohort moulting

to stage i+1 at time t, and equation 4.18 accounts for these losses

in 4n=o current size of the cohnrt {since Gi(t) is the proportion of

individuals changing stages at time %, 1—Gi(t) is the proportion
remaining in stage i). It is possible in this framework to consider
additionally the =ffects of mortality on a cohort. The martality will
be assumed agz-indepgendent witnin a stage although it may differ
betus=n <tages, This assuwntion is nacessary if parameters are to be
gstimated from data since the age-dependent developmental period
would obscure any age-dependent mortality; in other words the dis-
aspearance of individuals from a cohort may he dusz either to desvelop-
ment ot mortality, but only one of these processes may be assigned
age-dependency during parameter estimation. A constant stage~-specific
caily survival s may be included in the model by modifying equation
4,18 to

xi(t) = si(1 - Gi(t)) xi{t-1). (4.19)
Equation 4.19 implies that those individuals remaining in stage i
suffer a proportionate mortality of 1—si during the interval t to t+1.
The individuals which have moulted to stage i+1 form a new cohort of
individuals in that stage and now have age zera; they would be

suhjzct to a mortality of 1—5,+ during the interval t to t+1.

i+1
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Equaticns 4,17 nd 4,19 complotn tSe imitial sanciiicstion of tha
cohroon 1ife-tanls ~a343] which now sccoyabs far $he pronesses of davzlop-
ment an:! deonsity independent mortality, Tnese ejquations may bz used
either in analysis or prediction by applying *hem to all the ccharts
present in each stage at every times step. The model as now developed
will be used later in the analysis of cohort life-tables for L. chinensis
and L. maculatus.

The introduction of density dependent mortality into the life-
table model follows the samz lines as for density independent
mortality. It is necessary, howzver, to make some assumptions about
the relationshin Setuesn density ana davalogmentszl rate,  The develop-
mental rate may be independent of density, density dependent or
inversaly density dependent. We will see below that devalopment in
these species is nearly indspendant of dansity and the model will ke
Basor! o that as~nration,  Ta innlu-d= dar-=ity dzpendent martality in
the model reguires tho simple addition of =2 stage specific function

hi which specifies the relation betwsen density and proportionate

daily survival. Equation 4,19 now becomes

L) = th s, - G.(t ) c(t- 4.2
X (1) = (2, 08) 5, (1 - 6, (1)) x (1) (4.70)

where D(t) is the density of competitors present during the interval

t to t+1. In the case of intrastage density depandence, Di(t) is the

density of individuals in stage i at time t after development for the
time step has been completed, that is Di(t) = Xi(t—‘l) (1—-Gi(t)).

Where there is interstage competition the value of Di(t) reflects

the effective total densitiy of competitors in all stages and may be

represented by

= - -G, .. L t- -G, 4,21
0,(8) = x(61) (1-6,(8)) + 2 (ay . x;(t1) (1-6,(8)))  (4.21)

J#i
where the sum is aver all stages and aii is a cons*ant which specifies

the density of stage j that causes a reduction in the proportionate
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survival of stage i egnivalent to that caused whzn the density aof

stage i1 is increased by one individual. The parameters @, . are
- J

analanous to the interspecific competition coefficient of samz two-

species competition models (e.g. Lotka 1925; VYnlterra 1326; May 1974;
Hassell & Comins 1575).

81 though the inclusicn of density dependence (equatian 4,20)
completes the develogment of the cohort life-table model it is
necessary to specify formulae for the developmental distributions fi

and the density dependent functions hi' A number of distributians

have been used to describe the develaopmental period of insects,
Althaugh the normal (symetric) distributian has besen used by Manly
(1974) in the analysis of life-table data, a large amount of evidence
indicates that developmental period in insects is positively skewed
(see the revieu by Howe {1966) and also Stinner et al. (1975),
Barfield, Sharpe & Zattrell (1977) and Sharne et al, (1977))., Con-
sequently, davelopmenisal gerinds have gften been described by skewed
probability distributions such as the gamma or log-normal distributions
(Howe 1966), special Erlangian distributions (Ashford, Read & Vickers
1970) or tha beta distribution (Stinner et al. 1975). In cantrast to
these empirical approaches, Sharpe et al. (1977) have described
positively skewed develonmental distributions by a model which arises
from a relafively simple assumption., Theyassume that the developmental
rate of individuals in a population is symetrically distributed abaut

a mean value. Transforming a symetrie distribution of developmental
rate to developmental time or period results in a positively skewed
distribution. The approach of Sharpe et 2l1. is adopted here primarily
because the distributions which arise may be defined by parameters

with simple biological interpretations (in contrast to the other

probability distributions mentioned above) and also because such
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distributions have already been sucressfully used tn describes insect
devslopment (3arfield, Sharpe & Bottrell 1977; Sharpe et al, 1977).
The farmulaticn used here is based on the assumption that the distribu-
tion of developmuntal rates of individuals in a population fallows a
normil distripbution. This gives rise to 2 positively skewed distribu-
tion of developmental period whose elements are defined by
1 M 1 2
@) = o2 )7 [entad - p) 7 0P ot (4.22)
J

The distribution is specified by the two parameters B the mean

2
developmental rate of stage i, and Ui » the variance.of the develop-

mental rate. The parameter k is a normalizing constant which ensurss

that the2 sum of 7,.(i) nver the range of J required is unity, This
i 5

formulation depicts a positively skewad distribution of developmental
period such as that shown ‘in figure 4.%1a,

As before, an appropriate formula for the density dependent function
hi is %tha modol of Mayvnard Smith 2 Slatkin (1973),
o n(nL)y = (1 s (a.n.)bi\‘1. (4.23)

11 i1 ‘

The parameter a; is a scaling constant and bi determines the severity
of the density dependence as discussed on page 32 . However, during
the analysisz of dats there was usually insufficient mortality in any
staga to permit satisfactory estimation of bnth paramsters. Consequently
the parameter bi was set equal to unity for all stages, and the

simplified model
-1
hi(Di) = (1 + aiDi) (4.24)
was used, As the parameter a; in equation 4.24 increzases from zero
(no density dependence) the mortality at a given density increases.
Since the parameter bi has bszen set equal to unity, the simplified

madel only describes contest competition, but this restriction is of

little importance for Callosabruchus species whose larval competition

is clearly of this type (see chapter 3). Firally, wherz there is no
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intrastasge dansity dep=ndence (aizﬂ), difficulties will arise in the
analysis of interstage competition since, irrespective of the total
density of competitors defined by =2auatiaon 4,21, 2 zevo value of ai

in equation 4.24 will result in zero predicted mortality. To ausrcoms

this, equation 4.24 was modified for the analysis of interstage

competition to

hi(Di) = (1 + Di)"1, (4.25a)
D, =a, X.(t-1) (1 - G.(t)) + (o, . (t-1) (1 - 5.(t))
1 1 1 1 ;;; alJ XJ J )(d.ZSb)

Fquation 4.25 is precisely the2 same 23 eguation 4,24 when D; is defined

by oazation 4,27 with the excentinn that tha ransity of comgetitors
/ 1 h 7 h

is not subject to the scale effects of a. Consequently the parameters

aii no longer represent the relationship batween stage j and stage i

——

per individual of stage i but rather reflect the effective per capita

density of stage j on an absglute scale. The values for the ai.'s

s

rising from equation 4,20 will 27 =smaller by a factor of 1/ai than

fu

thase axpecterd from equation 4,21, This formulation (equation 4,25)
of interstage competition is more nearly analagous to the usual matrix
mocdlels of multispacies competition than that of equation 4.21.

Ther= is nnz final procass, that of eggy mortality, which requires
consideration before a complete representation of the life histories

of the Callosobruchus speries being studied is possible. Matural

eqgg infertility is easily included in the model by multiplying every
new cohort of eggs by a constant which reflects the proportion of eggs
laid which are fertile. There is, howsver, an additional mortality

in these species which is clearly related to adult density (see page
77 ) and appears to be a result of mechanical damage to the eggs

Sy the adults, If there is a caily rate of fatal encounters m

between adults and eqgs which is independent of adult age and sex,
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the tn+al number af encounters hetueen A adulis and £ eggs in the
interval t to t+1 i3 mAE. 1t was found that the rate m appeared
dependent an adult density and a simple power madel was used to

&N
mAZ . The total number of encounters

descrikte this relationship, m =
per egg is nouw mAZ, and these encounters may be distributed randemly
among the eggs present so that the proportionate daily mortality of
eggs 1is
z
1 ~ exp{-mA~). (4.26)
The total number of =ggs surviving the interval t to t+1 is given by

E(t) exp(-m(A(t))%) (4.27)

whers Z(%) and A7t} re the rums=r of live o;ss aad 2 ulis et Gie=

4.3 Ouantifyins the gparameters in the model

This section presents tnz experimental results and analyses -
that parmit quantification of the paramesters required by the oviposi-
tign and larval submodels. It begins with tuo discussions on’ the
experimental procedures and the numerical techniques used fer para-
meter estimation. The results nf the experiments and analyses are

then presanted and

cussad

(L
-
6]

In each of these subsections matarial relevant to <he gviposition
subrodel will be presented before material on larval development

and mortality.

4.3,1 Experimental materials and methods

The stocks of C. chinensis, C. maculatus and cowpea used here

were the same as thase usad previously. All experiments were performed
o] i - s ok

at 30°C and 70 relative humidity,

Three oviposition experimants were performed, The adult life~



szan and Adaily avipasitinn ware firstly determinad 5y isolating 0-23
hour 2l pairs of adults with 3.79 of coup=za in plastic dishes 3.5 cm
high ard 4,0cm in diam=ater. The dishes were covered with muslin held
in nlace by a plastic lid in uhich a large hole was cut for ventila-
tioan. Thz coupeas were replaced daily and the number of eggs deposited
by each pair and the number of living adults of =ach sex were scored.
The experiment was continued until all the adults had died., Approxi-
mately 30 pairs af adults were used for each species and any pair
which did not oviposit was excludsd from any analysis, In a second
experiment the effect of egg density on fecundity was determined.
Yarying numbers of adults were placad with aSout 500 beans in each of
five largs plastic boxes (9cm high, 15.5cm wids and 27.5cm long);
this provided stocks of beans which contained varying numbers of eggs.
After 24 hours (48 houts in the C. maculatus chamber with the most
adults) the adults weore remgvad and 20 sets of 3.7q of beans were
calten from zach choszeor acd Voo Do s aall 2lonilc Jdishes,  Tno tonal
number of eggs on the beans in each dish ware recorded and a 0-23
hour old pair of adults was placed with each set of beans. An
additiaonal 20 pairs of adults wer> ezach isolated with 3.7g of beans
on vhich no eggs had been laid, After the adults had died the total
number of eggs an each set of beans was again scored and the fecundities
of the aduits were recorded as the difference between this count and
the origiral one. Finally, the effect of adult density on fecundity
was determined by isolating varying numbers (1,5,20,40,50,80,1030 or
120) of pairs of 0-2} hour old adults with 3.7g af beans and, after
the adults had died, scoring the number of total and hatched eggs,
The results of this sxperimenmt have also b=zen discussed in chapter 3,
Two experiments concerning larval develosment and mortality

were perfaormed, The fitst dealt with tha 2ffects of density on
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developmant and mortality due o irtrastage competition. Varying
numbaers of adults were izolzt=d with zowseas in large plastic boxes
f3r ?4 haurs. Fout of thase chambars weras szt un with . chinensis

and threa with C. maculatus, A number of beans were taken daily

from =2ach chamber, the number of hatched eggs an each bean was
recorded and eacnh bzan was then dissected in order to score the
numbaer and stage of the living individuals present. 0On each day at
least ten heans were sampled from ezch chambher and from low density
chambars suffici=nt 5eans were dissected so that a2 minimum of 50
living individuals were recorded per chamher, Sampling was continued
until altl *ha ah=oryed curvivars werae in the emarged adult stage - 26
days for C. chinensis and 31 days for (. maculatus. These data
aorovidaed a record of thz number of individuals in each stage each day
over a range of hatchad egg densities and were used to construct life-

tabkles for thas~ =snercies, Tha ranond axacrinent was dasingned to

Sotoraine wiat L0 Zes i 37 L o priildias nad o ot aya-spacitic

"

mortalities, Far this experiment a singlb 24-hour aviposition chamber
was sot up with a large numbzr of bzans, At suitable later times
appraximately 27 heans were taken fraom this stack, thez number of
hatched egns on =ach bean was reocordad and the bsans were again
subjectnd to 24 hours of ovinosition. There were thus two cohorts of
inaividualé started at different tim:s in th2 beans, and byvlater
dissecting the beans thz number of survivors in the two cohorts were
scored (the initial number of individuals in the second cohort was
determined by counting thez total hatched eggs on each bean at the time
of disszction and subtiractinj ths initial count of hatched eggs).
Fif+een combinations of cohorts wera set up corresponding to all the
poszible interstage combinations of first, sacond; third and fourth
instar larvae, aupae angd pra-emzsrqent adults. The details of the

timing of the sszcond oviposition and scorinj for this experiment are
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qiven latar,

4,3,72 The estimation of paramstizrs

1% is easily appreciated that the formulations used in the develap-
ment of the simulation madel do nat lend thamselves ta straightforward
statistical analysis, and the methods used here for parameter estima-
tinn raquire at least a brief discussian. Same further details abaut
the computer programmes used hare may be found in
anpendix C,

The general problem of estimating parametars of models has been
treated in a variaty af toxibooks (seez, for example, Kendall %

Stuart 1967). Tuo approaches are generally available, that of

maxinum likelyhoaod astimation or a family of empirical approaches.

The most widesnr=ad of these empirical approaches is ta treat the
parameters af a madel as variabhles and find the values which minimize
tho zum af squarza cnviations botuezn madel pradictions and obse@ryved
results (the residuals). This techniqus, known as "l=ast-squares"
estimation, has the property of providing maximum likelyhood parameter
estimates whan the madel is lir2ar in the parameisrs, UWhan the macel
15 nst lincer i the parancers, oha axoct txlosize Hotusznd loasti-
squarnes param2ter estimates and maxioum likelyhood paramzier estimates
cannot usually be specified. However, in nonlinear madels for which
maxinum likelyhood estimation is no*t availakle the least squares
technique is aften employed. For the models used herz methads for
maximum likelyhaod estimation have not been develeped and all the
parameater estimates have heen found by least-sguares technigues.

The algorithm used for fitting the multi-parameter macels was that

af Pawell (1968), and warked well in all the anplications required,
When a single-parameter model ua% fitted to data =2 quadratic
approximation algorithm was used to find the minimum residual sum

of saquares (Powell 1964, furray 1972).
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It is us=2ful when fitting mardels tg data ta he able to describe
the velative contribution a paramatar makes towards descrintion of the

data; that is, to determine the significance of a parameter with

D

respect to a particular data set. As discussed by Draper & Smith(1966),
there are a variety of ways of accomplishing this in least-

squares analysis, but only ones method was found suitable for the models
devesloned here, This method is based on an application of the "extra
sum of squares" principle discussed by Draper & Smith (1966), and
involves exanining the reduction in the residual sum of squares

achieved by adding parameters to a model, Consider, for example, an
initial model nf g narametars fiti=g tn a sample af n data points

which results in a residual sum of squares SD. The addition to this

simple maodel of g more parameters will result in a smaller residual

sum of squares 51. The hypothasis that the additional g parameters

have not made = significant reduction in the residual sum of squares

may be tested hy comparing tho ratio

(S5 - 5;) / «a
s, / (n-p-q)

(4.28)

to the velue of the F distribution with g and n-p-q degreas of freedon.
This test, which considers tha significance af 21l g paratetinss
together, is exact in analyses with linear models where errors are
normally distributed and indesendent., 1In tha case of nonlinear
models, the ratio of eguation 4.28 may be useful as a guide to
significance. In addition to this test the importance of a parameter
may be judged by examining the plots of residuals befere and after
the addition of the parameter (Draper & Smith 1956). Although exact
tests are again not available in the nonlinear case, examination of

such plets may be useful in indicating whether the addition of a

paramzter has corrected any deviations betueen the model and the data.
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Th~ gvinosition submada) of ecuatinn 4,5 posed fau proslems when

<

fi

cr

ted to thz datz presanted belcou. The2 paramsters uers estimated by
a stepwise consigeration of the functions in ths sucmodel. Initially
the mean and the variance of the adult lifee~span wers estimated for
both males and fem2les from data fraom the first ovipasition experiment,
Since only one life-span distribution is requirad in thes mndesl the
femalz li%e snan yas usad during further parameter sstimation (it
will be seen, howsver, that the life spans of the two sexss uware
similar ). The age specific fecunditiss of the adults wzre then
specified as the m=22an observed numher of eggs Yaid per day. This
providad 2 madal uhich predicis tho tatal numbeor of agys laid by a
cohort of individuals in a renswed, uncrowded environment., The
parameters of the density depandent function h;(E) (egg crowding)
were then estimated by fitting the model to the data from the secoend
exparirant,  Finally, the re=non-n to adul* nrouding was quantified
Sy adaing the funciioan ha(A) 0 the mogel anc fitting it o the
data on total eggs leid at different adult densities obtained from
the third experimert, In fitting the twa functinns h_ and h;, the
signifigances of the paramaters were examined by the m=thads discussed
above.

Quantifying paramstors for the larval submode) (eguations
44,17 and 4;20) required slightly mnre= complex prucedures, The cospleted
life~-table model (excluding for the moment interstage interactions) has
provisiaon Tar five param2ters (= mean develnpmznizl rate and its
variance, daily survival and two density dependent parameters) for
each of seven insiars. It was possible, then, to =2stimate 35 life-
table parameters simultaneously from the more than 1000 data points
available, but such an approach proved to be impractical. To overcome

this problem the life~table parameters were estimatad in tuwo stages:
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an initial analysis of density indegendent cohort lifa-table data
sravided estimates faor the devzlopmantal and density indespendent

Aanortality parameters, and a secaond analysis was performed to estimate

0

the density dependent mortality parameters. In the initial analysis
it was necessary ta average da2ta from the daily samales of survivors
from beans with few hatchad eggs in order ta provide a density
independent life~table. Paramaters were estimated from this 1ife-
table by first estimating the mean rate and variance in equation 4,22
for development of eggs to first instar larvas (egg meortality will

be considered later). This provided a prediction of the number of
daily rocruits (ecohortis) +o the first instar stage and this predicted
recruitment was used together with the observed daily record of the
numbers of first instar larvaes present in order to estimate tha mean

and variance af th

i

developmental rate and daily survival of first
instar larvas., The resulting fitted madel provided a prediction of

the cohnrts recruitad ta the sacaond in=tar

N

tasae and tha analysis

was repeated for th= second instar and subsequently in this stepuiss
manner for all the other stages., This method worked well and provided
reasdnables predictions of the parametzrs.  Hausver, occasinnally the
estimate of daily survival for a particular instar would exceed unity
indicat;ng perhaps an overestimate of the mortality in the previous
stage, These errnrs, prasumably duz to the nature o the sampling
regime, were overcome by a simple refinement. UWhenever the problem
arose, the parameters for development and survival for the instar

were estimated again simultaneously with the parameters for the
previous instar (i.e. six parameters wnre estimatasd for the two instars
together), This usually provided acceptable parameter estimatss, but
if the daily survival estimate was again too large it was fixed

arbitrarily at unity and the developmental parameters only were
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reeztimated faor thatr {nstar tngeihert with the davelapnznt and mortality
parameters for the previous insiar., The test far significance outlined
above couuld not bz applied to the estimates of the mean and variance

of the developmzntal rate as there was na residual sum of squares

from an 2 priori madel to use in the test. Du= to the nature of the

data thes test was 21so insansitive ta thz addition to thz model of

ct

the paramet

4]
H

for daily survival, A consideration of ths data, houever,
clearly shows some mortality between the first instar larval and adult
stages, so whenszver the survival parameter was estimated at less than
unity its value was accepted as indicating mortality in the stage
and was included in the model.

The analysis of stage specific density dependent mortality was
accaomplished by considering data collected from all the oviposition
chambers in the first larvzl experiment, This provided information

an survival nver a ranga of hatehed egng densities per bean,. Nata

iz
wore considered from six sampling days which corresponded to the
periods of maximum presence of the six immature stages (the details
are given later). The analysis was accomplished in a stepuise
manner where parameters for the first instar were estimated first,
follnwed by those for the second instar and so on. At each step in

the analysis tha function hi {nouatian 4.23) wvas ircluded in the

life-table model (equation 4.20) and the value of the parameter a,

was found (with bi fixed at unity) uhich best predicted the total

number of survivors on the appropriate day. The significance of the

estimate of a; was tested as described above (equation 4.23), uhere

the initial sum of squares S0 was found when the model did not

include density dependence anc the sum of squares 51 vas that

associaterd with thz estimate of ai. If the estimate of a, was judsed

significant, then the two paramoter modsl (where both a, and bi
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were allowed

ot
(@]
<

ary; was fitterd *o the data, The significance nf

/

-t

th2 estimate of b, w2s *tested in the same way 3y 2onsidering *hz ney
i

residual sum of sguares and the sum af sguaras shiained uhen bi was

fixed at unity. If ths estimate of bi was not significant then the
oringinal estimate of a, was used in the one-parameter madel of
equatinn 4.29 for that particular instar, This procsdire was rapeated
for all tho stages., It should be noted that if paramz=ter estimates
for any stage were significani thay were included in the life-table
mocel during the analysis of all subsequent stages. In this way the
parameters estimated for hi only reflect density dependence occcurring

Catueon the samaliag days far sta2n i1 and i,
To complete the analysis required by the larval population sub-
model it only remeinad to estimate the interstage competition coefficients

. A stepuise procedure was again adopted where the data for the

interactinn tezuycen first and sgoond instar larvas were considered

=

firs*, providicrs =2%inztic of « A o

10 21° The d~*~» for third and

first instar interactions were then considered, followed by third and
second instar data, fourth and first instar data and so on., The

parame tars

o

cach interac

ion wzre estimated by comparing

(

the numher of survivors of both initial cohorts predicted by the model
on the sampling day with the cbserved number of survivors. During

the analysis of =2ach data set the *wn relevant parameters «
¥ p

i

and a . were first estimated independently and their significance

—lt

was examined by comparing the residuval sums of squares when ths model

either included or excluded the parameter. If both parameters uere

[

significant they were2 reestim2ied simultansously, The sicnificant
g J 2}
estimates of the parameters of the early instars uwere included in the

model when estimating the competition coafficients of later instars;

for example, when the effect of pupae on second instar larvae was
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beiny considared, the madel includer the previously estimated effects
of Tonssn ins*tasr b osuen o fizst. Sinzn the 2ffocis af Tauyrths an
firata is to rerbice considearabl:; *he survivs! of the secand cohort,
only a few individuals survive *n second instar., This results in very
little interaction between the coharts during the pupal and second
instar stages, and consequently the estimated campetitiocn coefficients
betueen these two stages were sa2ll and not statistically significant,
These estimates may noi accurately rcaresant the quantitative competi-
tive ralationships between the stages, but this is unlikely to be

important in desecribing the outcome aof campetition in Callosabruchus

sinca thzoir 1ifo histnries 4a pot zormit the asasnciation of (for
example) seconds and pupae without prior competition between firsts

and fogurths.

4.3.3 Results

In this s=2etinn, *he resul*s conzerned vith tho gviposition sub-
model are considered first and then thase with the larval ponsulation
submodel.

The results of fitting the truncated normal distribution (equatian
4.3) to the data on adult life-span are showr in figure 4.2, and the
fitt2d naram=tar values for the life-span means and variances are
given in table 4.1. The model des-ribed zach of the data sets w=2ll.
Rdults of C. chinensis were slightly longer lived than adults of C.
maculatus, and in both species the males wuere slightly longer lived
than the females. The life-span of C. chinensis was mgre variable
than that of C. maculatus, The estimated variances for males and
females were similiar in C. chinensis, but higher for males in C,
maculatus.

The oviposition record of L. chinensis (figure 4,3a) shoued

maximum oviposition on the third day after emergence vhich is in
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FIGURE 4.2 The observed and predicted (from equation
4.3) distribution of adult life-span in (a) C. chinensis
and (b) L. maculatus. Closed circles are for males;

open circles are for females.
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129

The estimates of the parameters for the oviposition

submodel for (a) C. chinensis and (b) C. maculatus.

ta) C. chinensis

\’uariance, o

adult life-span mean, u
males 6.9684 1.8457
females 5.4617 1.6115
density dependence aorc bord n F-value
h(E) 0.033080 0.34480 119  250.34, p<.001
h{a) 0.0028188 1.6581 50 166.29, p<.001
egg mortality m Z n F-value
3.2278 x 107% ° 1,3585 61 2464.9, p<.001
(b) C. maculatus
adult life~span mean, u \)variance, a
males 5.5225 0.84674
females 5.1083 0.52279
density dependence aorc bord n f-value
h(E) 0.0051901 1.4969 111 107.10, p<.001
h(a) 0.022760 1.1639 61 1565.6, p<.001
egg mortality m Z n F-value
3.7081 x 107° 1,3622 50  7190.4, p<.001
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FIGURE 4.3  The daily ovipasition records of (a) C.
chinensis and (b) L. maculatus and the observed distribu-
tion of total fecundities of (c) C. chinensis and (d) C.
maculatus. 1In (a) and (b) the vertical lines at the
centre of each bar bar give the standard error of the
mean for that day. 1In (c) and (d) the single arrou
indicates the mode of the distribution and the double

arrow indicates thes mean.




Number of eggs laid

Number of observations

131

12 (a)
T
o [
I A
I
{
!
0 —1 N
16 ()
|
l T
124 1
8L
T
1
I
L
4 H
0 = I 1}
0 1 2 3 4 5 6 7 8
Days since emergence
3+ (c) Jg
2 .
bl |
8 N T | O N 1
3 (d) .Jﬂ . .
ZE ‘
1 Ll e |
o L I T T T
5 15 25 35 45 55 65

Total eggs laid



132

contrast +tg the

~f

indings of “ou~ 7 Curris (1954) uho repsrted greatest

ovinosition or the first day, A number of the L. chinersis pairs did
not lay any 2335 for one or tus days. This preaoviposition perioad has
not been reported as a usual occurrence in this species, so a further
ovipansition experiment of 30 replicates was performed where ane
female and two males were used (instead of a single pair of adults)
to determine whethar the preovisosition period was possibly due to
unsuccessful mating, In this experiment, housver, =211 of the females
had a preaovipasitian period of 2t least one da,; and j% uas cancludad
thzat this ocecasional tardiness in oviposition was simply a feature of
T steaia o of T, ohiacnads neing ntgdiedt, Tha oyinosition rsenrd of

C. maculatus (figure 4.3b) showed ;reatest oviposition on the first

day after emergence which agrees with the finding of Howe & Currie
(196&). The distributions af observed +total fecundities for C. chinensis
and £, maculatus ~re shoun in finures 4,30 and 4.3d, rossectively.

A

vy~ P S 0 - = = -y
Z. maculatus g'oC.S‘_) - 0,75 '\‘_1.‘_:.) 8\:;\_,3)

was higher than that of L. chinsnsis (34.23 < 12,54 eqgs). The

variance and range of abserved fecundities for L. chinensis was

larzer than that for T, maculatus,

The results of the experiments on reduction of fecundity in

response to egg density ar=z shown in figure 4.%a for C. chinansis and

4,43 for L, maculatus. Although thz data show considerable variatiaon

it is clear that the fitted models (from equation 4.7, solid lines in
figure 4.4) provided a better description of the results than the
models without density dependence (broken lines). The estimated
values of the parameters for both speciszs were significant (p <,001)
and are given in table 4.1,

The relationships between adult density and totzl fecundity for

C. chinansis and C, maculatus are shown as holloy circles in figure




FIGURE 4.4 The fecundity of single pairs of adults

when isolated with beans already containing eggs. (a)

L. chinensis. (b) C. maculatus. The broken line indicates
the predictions of the model when no dependence on egg
density is considered; the solid line shows the fitted
model including density dependence (eguation 4.5). The

fitted parameters are given in table 4.1.
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4.5a and 4.5h. Tha light broken lirss in figurs 3.5 give the predicted
tntal fecyndity 27 the ovipositinn submadel when only a respnonse to

253 density is included; tha nanlin:ar increase in total fecundity
depicted by these lines is ceaused by the response of thes adults to

the accumulating density of =2g3s. These predictions of total eggs

laid are clearly improved by the addition eof a response to adult
density (equation 4,6) as is shawn by the solid lines in figure 4.4,
These fitted models described the data well; the estimated values af
the parameters were significant for bath species (p<.001) and are
given in tabls 4.1,

Although considering density dagendence in the ovipasition sub-
model complates the parameter estimation, it is convenient before
proceding to the larval submodel to consider the processes effecting
2539 martality., Tha proportionate 2gg fertility irm the sgecies was
a=timatod as the average ghsorved nrrportionate fertility of eggs
loeid 5y isolated paivs af adultis, The data w=2re avera
transforming proporticnate fertility to angles for each pair, and
this resulted in an estimated mean fertility of 98.57 for C. chinensis
(data fram 12 pairs) and 95,57 for CZ. maculatus (data from 11 pairs,
one pair laying anly 15 eggs of which six hatched uas excluded).

These estimated egg fertilities were significantly different from

1007 at the 0.01 and 0.005 ser cent layal, respectively and were
included in the model. The additional egg mortality associated in
these species with increasing adult density was modelled by the egg
mortality function of equation 4,27, and the fitted models provided

a good description of the data on the number of hatched eggs accurring
at various adult densities (heavy broken lines and solid circles in
figure 4.5)., The estimated parameter values for hoth species uere

significant (p <.001) and are given in table 4.7, During paramster
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FIGURL 4,5 The number of total (hollow circles) and
hatched (solid circles) eggs at different densities of
(a) C. chinensis and (b) C. maculatus. The light broken
line is the prediction of total fecundity when no
dependence on adult density is included in the model;
the solid line is the fitted model of equation 4.5
including adult density dependence. The heavy broken
line gives the predicted number of hatched eggs arising
from the fitted egg mortalaty function, The estimated

parameters are given for al. four fitted models in

table 4.5. Dala 3wen as wmean * standard devialion
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estimatinn the raramstor 7 was ini*tially se* equal to unity and anly
th= marameter m wuas allowed ta vary; this arovided a residu=al sum of
squares ag2inst whbizh the addition of ths garaverer Z as a variasle

cauld b2 tested. Ir bath speries *ho addition of this parameter 7

causad a signhificant reduction in the residuazal sum of squares with

p<.01 far C, chinsnsis and p<.081 far C. maculatus,

The first step in quantifying the paramaters of the larval pogpula-
tion submodel was tao caonstruct a density irndegpendent cohort life-table
far sa*h species, T onsder ta snoic~ that tho 1liTs-tanle datz wouls
nat oz influenced by density, all of the data callected during the

w1, toeninn af okae Tirst lapvsl swsanionet whre 3rouped atcarding
to the number af hatched eqgs per bean. The total number of observed

hatched eqgs and the tatal numhar of survivars usre paaled for all the

sampling days for e2ch hatched =59 density and the overall proparticonate

suivival =2t each deraity was repordeod, This infgormation is given for

S5ath snocdies ip o tante AT Far o Seons ith 5in o feuw

[ sz

0}

2hohod

r
@
ri
-
o

v

¢4

¢
It was concluded, after considering the per cent survival and

cumulative per cent survival at successive densities, that data from

€945

beans with fiyz and feuvor hat:hedkfcr Z. chinensis and four and fewer

hatched e23gs for Z. maculatus would provide infarmation suitabla for

preparing density-independent cahort life-tables. This provided a

=ample of avar 1872 hatched eggs from 21 samzling days for C. chinensis

or approximately 70 eggs per day, and a sample af aver 900 hatched

—~

2gys ar 3

@

eggc per day from 26 sampling days for . maculatus,

The life-tables far C, chinensis (table 4.3) and C. maculatus
(table 4,4) were canstructed by panling the data fram all the low
density beans on a given day. The abserved number of survivars present

in each stage i

4]

siven as a psrcentage of ths number of hatched eggs

absarved on each day. The data for days one to five (befare all the

b
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TABLE 4,2 The observed mortalities in beans with various numbers
of hatched eggs {pooled from all sampling days) for
(a) C. chinensis and {b) C. maculatus. [he data selected
for construction of density independent cohort life-
tables were based on beans with five or fewer hatched
eggs for C. chinensis and four or fewer eggs for C.
maculatus.

no, of hatchedegg
per bean 1 2 3 4 5 6

(a) C. chinensis

Total observed

hatched eggs 102 314 453 400 360 270
Iotal ohserved

sSurvivers 100 302 433 379 . 338 242
Per 'cent survival 98.0 96,2 95,6 94.8 93.9 89.6

Cumulative per cent
survival 98.0 96.6 96.1 95,7 °~ 95.3 94,5

(b) C. maculatus

Total ocbserved

hatched eggs 153 258 264 228 155 216
Total observed

survivers 151 231 240 198 128 177
Per cent survival 98,7 89.5 80.9 86.8 82.6 81.9

Cumulative'per cent
survival 98,7 92.9 92,1 90.8 89.6 88.3




TABLE 4,3 L. chinensis life-table data (per 100 hatched eggs).

Day E£ggs 1° 2° 3° 40 Pupae Adults in Pea  Emerged Adults Total
1 100,00 100.00
2 100.00 100.00
3 100.00 100.00
4 59,00 41,00 100,00
5 96,77 96.77
6 91,78 91.78
7 23.08 71479 84.87
8 4.84 74.19 17.74 96,77
9 1.086 57.89 40,00 98,.94

10 1.85 3.70 89.81 »93 96.29

11 4,76 41,67 48.81 95.24

12 .00 3.53 90.59 94,12

13 1.23 .00 96,30 97.53

14 .00 100.00 100.00

15 1,16 82.56 15.12 98.84

16 37.68 57.97 95.65

17 10.61 74,24 84.85

18 10.47 81.40 1.16 83.03

19 2.08 70,63 18,75 .00 91.66

20 22,62 72.62 1.19 96,43

21 8.22 75.34 16.44 100,00

22 4,82 38,55 53.01 96.38

23 12.68 85,92 98,50

24 8.51 91.49 100.00

25 1.96 88,24 90.20

26 : 88.41 88,41

ovi



TABLE 4.4 C., maculatus life-table data(per 100 hatched eggs).

o o o o .

Day Eggs 1 2 3 4 Pupae Adults in pea Emerged Adults Total
1 100,00 100,00
2 100,00 100,00
3 100,00 100,00
4 100,00 100.00
5 100,00 100,00
6 94,12 94,12
7 88,00 88,00
8 54,76 42,86 97.62
9 2.63 94,74 97.37

10 612 B3.67 10,20 99,99

11 .00 23,53 73.53 97.06

12 3.13 3,13 90.63 86,89

13 57.14 28,57 85.71

14 B.16 79,59 87,75

15 3.45 B6,.21 89.66
16 89.66 89.66
17 B8B8.46 3.85 82,31
18 36,00 52,00 88,00
19 22,22 55,56 77.78

20 7.41 88.89 96.30

21 2,70 72.97 2,70 78,37

22 .00 48,28 37,93 B6,.21

23 .00 20,45 56.82 6.89 84,16

24 2.78 8433 52,78 19.44 83.33

25 .00 2,94 35.29 52,94 91.17

26 3423 J3.23 9.68 77,42 93,36
27 .00 9,38 B81.25 90.63

28 .00 2,38 85.71 868.09

29 .00 4,17 83,33 87.50

30 .00 4,00 88,00 92,00

31 4,00 84,00 88,00

Lt
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177 had Ratzhod) rearsasnt cognhert af 197 1

L.
U

S3TLality consic:rsd hera, Thz tatal numbers af indivicuals abservad
gach day are also jiven in tables 4,3 and 4,4, from which we see that:
the number of individuals present on successive days does not always
remain constant or decrease (as would ae the case if individuals

from a single cohort were observed throughout their life), but
occasionally incrzasas.  This is ar artifact of thes sampling programme
where the fate of a single cohort is being approximated by the

averaye fate of many cohorts undergoing sequentially dastructive

sampling. However, this did not cause any problems when estimating

)

tho life-tabls narem=torz 50 nn smaothing aof the data uas ne

0O

2553ry,
in contrast to Sokal & 8ryant's (1947) life-table analysis for the
house fly.
The life-table model nof equations 4,17 and 4,19 was fitted to

thr dasa of ah)-n 4.7 and 4,4 by'thm mathas diseussed an page 123
arn the r=sults of tnoese analyses 2ro pgresgnted in tzhls
both species the estimated mean developmsntal rates of the egg,

fourth instar larval and pupal stages were lowsr than those aof the

ther stages. The developmental rates of the first instar larval
and pupal stages were slizhtly lower in C. maculatus than in C, chinensis
althaough the develnpmental rates of the other stages uere similar
in theo tuo‘spe:ies. The estimated variances of the developmant rates
were small for all stages of both species. This is partly a reflection
of the rapid development of these species in the experimental conditions
used and also indicates that a sampling interval of less than one day
might have besn useful in determining the paramzter values more
accurately, In twa cases, the third instar larval stags of L. chinensis
and the egg stage of L., maculatys; the estimated yariance is sufficiently

small that the predicted distribution of developnent occurs entirely



TABLE 4.5

The estimates of life-table parameters from the analysis of the data in tables 4.3 and 4.4,

Developmental

Instar -1 Developmental -1 Proportionate Number % stage
rate, /Li(days ) V/variance, ¢ (days ) daily survival entering stage  mortality
(a) C, chinensis

Eggs 0.31684 0.013903 —- 100,00 0.00

1st larvae 0.46924 0.022266 1.00 100,00 0.00
2nd larvae 0.48279 0.026208 0.99430 100.00 1.32
3rd larvae 0.48655 0.0024353 1.00 98,68 0.00
4th larvae 0.22580 0.017163 1.00 98,68 0.00
Pupae 0.31564 0.011727 0.98662 98,68 4,79
Adults in pea 0.47338 0.026537 1.00 93,95 0,00
Emerged Adults —- —— —— 93,95 ——

(b) C. maculatus

Eggs 0.29967 0.0035979 — 100.00 0.00
1st larvae 0.,31525 0.028145 0.98342 100,00 5.79
2nd larvae 0.46964 0.0068272 1.00 94,21 0.00
3rd larvae 0.46926 0.016057 1.00 94,21 0.00
4th larvae 0.22562 0.035348 0.99501 94,21 2,43
Pupae 0.25078 0.0088714 0.97983 91,92 8.20
Adults in pea 0.46778 0.024154 1.00 84.38 0.00

Emerged Adults

84,38

el
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FIGURE 4.6 The life-table 4.3 for C. chinensis (solid
circles) and the predicted presence of the instars(heavy
line) given by the fitted model of equations 4,17 and 4,19,
The fitted parameters may be found in table 4.5, The light
line indicates the predicted recruitment to each stage.

(a) Eggs; (b) First instar larvae; (c) second instar
larvae; (d) third instar larvae; (e) fourth instar larvae;

(f) pupae; (g) pre-emergent adults; (h) emerged adults,
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FIGURE 4.7 The life-table 4.4 for L. maculatus (solid
circles) and the predicted presence of the instars(heavy
line) given by the fitted model of equations4.17 and 4,19,
The fitted parameters may be found in table 4.5. The light
line indicates the predicted recruitment to each stage.

(a) Eggs; (b) First instar larvae: (c) second instar
larvae; (d) third instar larvae; (e) fourth instar larvae;

(f) pupae; (g) pre-emergent adults; (h) emerged adults.,
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within a period af nne “ay and for those shages the ostinaisd velos
T sagd oy ool 0 L s esL o viwg T 201, xu 20 uppar liait an

w2l arodien2 tha sane

rates for all the stages af

cradicted overall survival:
9447 in £. chinzasis and a4y in L. maculatus, ne e2stimated mortalities
in the early stazes (second instar larvae in C. chinensis and first
instar larvee in (. macul 2tus) probably represent maortality due to

failur=a to become estahlished in th2 bean, =althoush the astimated value

for secand instar . chinensis is sufficiently close to unity that it

may oo dus oanly o osrsling ovrors. Similarly the sroall estimated
mortality in fourth instar C. mzculatus larvae may be due to sampling
errors or possibly same unavoidable competitinn between individuals.
In both specizs ths lowest estimated survival rate was for the pupal
stag2 and this accounted for the largest ocrtion of the overall

fite e LI B Thi~ ram-alihe e araha~le g

1

T S o 1o |
, , > 07 o Lot

F I N I B I
.4 honof irdividials

“r

which failed to accumulate sufficient resource to permit completion
of pupation.

Th=2 fitted 17 f2-~tabls madel provides a pradiction of the number
of incdividuals present in each stage through the course of a cohsort's
development and these predidtions are presentsd graphically, togesther
with the cgbservad nu-mbers, in figures 4.6 {I. chinensis) and 4.7

(E. maculatus), The model describes well *he presence of the various

instars in both sprcies, and the=se p-ediciians will be used in the

—

ot
®

nd later in th

W)

continuad gquantifying of larval submcdel parameters
simulation madels developed far these speciss. The predicted number
aresent in each ins*ar have been drawn on continous time scales for
each soccies in figure 4.8.

The distribution of the dev=lopmentzl periods predicted by the

mode]l for these species are shown in fTigure 4.9, #An initial impression
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FIGURE 4,8 The development of a single cohort of 100
eqggs as predicted by the density independent life-table
model. (a) C. chinensis; (b) C. maculatus. The

symbols next to the curves in (a) represent the various
stages as follows: E, eggs; 1-IV, the four larval instars;

P, pupae; A1,pre-emergent adults; A emerged adults.,

2’
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FIGURE 4.9 The predicted developmental periods of the
immature stages of (a) L. chinensis and (b) C. maculatus.,

See text for discussion.
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of thase distrioutions is that they are all somewhat kurtotic (narrow);
indeed two of the=m ars contained eantirely withis one sampling period.
This zonhasizos 2. sffaet of the small acstimatnd variancas of the
developmental rates in table 4.5. The developmental period distribu-
tions are roughly similar between the two species; the third instar
larvas of C. maculatus had a less narrow distribution than those of

L. chinensis and development of fourth instar larvae in C. maculatus

was slightly more grotracted than in C. chinensis. There is a notable
similarity in the predicted developmental period distributions of the
first three larval instars of C. maculatus but the narrownzss of

thzas districuticns -eras them ursuitasle fer inferrzing any doafinite
similarities in the developmant of these stages. This concludes the
cansideration of th2 density independent life-tables analyses and
attention will now be given to density dependent mortality due to
intrastage ant interstage competiticzo,

“

wefora gncoitaking the analysis of

donsity dependent mortality

in these species it was necessary to determine whether or not larval
density had any effect on development, To do this the censuses taken
from each oviposition chamber in the first larval experimsnt were
considered seperately by plotting the number present in each stage

on each day as a propavtion of the total nurber of individuals

observed on'the day (figures 4.10 and 4.,11)., It is evident by consider-
ing the m=zan Humber of hatched eggs per bean in each of the oviposition
chambers (also given in figures 4.10 and 4.11) that the data span a
wide range of initial larval densities. There does not, houwever,
appear to nhave bzen any acceleration or deceleration in development

as dansity increoas

The first day aof appsarance of each of the
stages naver varizsd by more than one day in the C. chinansis popula-

tions and was constant in the . maculatus populations, The period
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FIGURE 4.10 The proportion of total individuals gbserved

in each stage in beans sampled from the four oviposition
chambers in the first larval experiment for L. chinensis.,.

The numbers at the right of each figure give the estimated
mean and standard deviation of the number of hatched eggs

per bean in each chamber. The successive stages are
represented by ¢ eggs, @ ; first instar, X ; second instar,
Q; third instar, +; fourth instar,®; pupae,X ; pre-emergent

adults,O ; emerged adults,+.
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FIGURE 4.11 The proportion of total individuals observed
in each stage in beans sampled from three oviposition
cHambers in the first larval experiment for C. maculatus.
The numbers at the right of each figure give the estimated
mean and standard deviation of the number of hatched eggs.
per bean in each chamber. The successive stages are
represented by: eggs,®; first instar,X ; second instar,
O; third instar,4; fourth instar,Q; pupae,X ; pre-

emergent adults,(Q; emerged adults,+.
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of mrdmagn presence af oach iastar z,r70 we Sebe s nopelotiags i

. N £ A
LoLh Lptaies, Thor moan day of 20010 smzrgores diY o0t vary ia the

- 7

C. chinensis populations and was only latear sy ons day in the middle

o8
0
3
@]
i
“+

y €. maculatus populations. 5Similarly, the sprzad of development

appears naarly constant in all ths populations for both species,
although the fourth instar larval stage of . chinznsis may have been
present for slightly longer in the highest density populations than
in others., It was thus thought unnecessary to include any dependence
on density in the developmental parameters of the model.

The analysis for density dependent mortality outlined above
fseo ~g2 124) considern th2 total nuobSer of survivers eon oa given
day in beans with differing numbers of hatched eggs. The days
selected for analysis of the six stages of first instar larvae through
pre-emergent adults for L. chinensis were days six, eight, 10, 12, 14,
19 =n+d 22 2rd for T. maculatus were doys soven

, 10, 12, 16, 21 and 24,

~C2uentalive oV the maxisum presance

of the various instars and were chosen by examining the data shown in
figures 4.10 and 4.11., The data from these sampling days are shown
in figures 4.12 for C. chinensis and 4,13 for L. maculatus; the solid
lines in the figures represent the fitted models abtained by sub-
stiting equation 4,23 into equation 4,20, Thz parameters a; and bi
vere e:timéted for eazach set of data by thz method described above

and the results of these analyses are summarized in table 4.6. There
was significant density dependence in three stages of [. chinensis
and in two stages in C. maculatus and the estimated values of the

parameters a, are given in the tahle. The value of the parameter bi

PR
|

was not significan

cr

ly differeant from unity in any analysis and was

set equal tc unity for all stages in both species. 1In C. chinensis

o
J
0

gensity dependant parameter a corresponding to first instar
1 g
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FIGURE 4,12 The total number of survivors in single
beans with various -numbers of hatched eggs on different
sampling days in C. chinensis. The sampling days for

(a) through (g) were selected as representing the maxi-
mum presence of the stages -- first instar larvae to
emerged adults. Hollow circles indicate repeated points
The solid lines are given by the fitted model of eqguation

4,20 and the parameters values in table 4.6.

-———————r——-——-——————-~‘~—-'
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FIGURE 4.13 The total number of survivors in single
beans with various numbers of hatched eggs on different
sampling days in C. maculatus. The sampling days for

(a) through (g) were selected as representing the maxi-
mum presence of the stages -~ first instar larvae to
emerged adults., Hollow circles indicate repeated points.
The solid lines are given by the fitted model of equation

4.2G and the parameters values in table 4.6.



Number of survivors

162

~(d)
e
oo%
098" e ®
G0
089’
ud 1 i
15 (b) o - (e)
e _ 09
101 .0°/ B s "
e co—®
o 09_097¢3
09/’ o %o ® °
o 883
0 1}7 1 3 ud 1 1 )
20~ (c)
o/
/ B
10 O e u [ ]

151 (a)

10 Y

0 10 20 25

Number af hatched eggs



163

IRBLE 4.6 The estimates of the density dependent parameter a, in
three larval stages of C. chinensis (a) and tuc =
larval stages of C. maculatus (b). The parameter a; for
all other stages was not significantly different —

from zero,

estimated
Stage value of a, n f-value
(a) C. chinensis
First instar larvae 0.0010994 50 3.233, p<.00
Third instar larvae 0.0025422 56 13.50, p <.001
Fourth instar larvae 0.0066029 42 367.17, p< .001
(b) C. maculatus
Second instar larvae 0. 0055076 39 36.19, p <.001

Fourth instar larvae 0.011684 35 137.69, p<.001
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larvae) was vary small and rapresents laossas during hatching when

e T Avipasitet oo tan

L

was na significant donsily deaenl:nz2 in secsnd instiar larvas, The
density deapendence founz in the thivd and fourth instars represents
competitian for space within the bean., Tha value of a, for the fourth

instar 4s larger than that for the third in

]

tar, raflecting the
larger size of ths fourth ins+*ar or conversely the smaller per bean
carrying capacity for fourth instar larvas than for thirds. There
was no significant competition in the nonfeeding punal and pre-
emergent adult stages. The fitted models described the [, chinensis
wota well and alse jave a roasgnatliz prediciion of survival o tha
emerged adult stage (figure 4.125). 1In C. maculatus there was no
significant density dependence in the first instar larval stage,

nossibly due to the limited rangs of hatchad egg densities observed.

The second and fourth instar stages did shou significant densit

~

dependznce and, as expacted, thes sstirmated valuz nf a, was larger

than the value of a., There was nn significant competition in the

third instar larval, pupal or pre-emsrgent adult stages. The fitted
models described the data well and gave a reascnable prediction of
surviyal to the adult stajye (figure 4.133).

The design of the interstage competition experiment required
the initiatinn af *two cohnris of individinnals at different times in
a single set of beans for each interaction of interest, and the details
af tha 2iffrrant times employod

cohart of egnos far all the iateractions was pravided by adults

nlaced uith the beams on day zero and remaved on day ons, The second
cohort of eggs was provided by a second group of adults placed with
the beans on the day given in the table and removad one day later,

The timin- of this second ovicosition was detarmined by considering
o fd J =

tha differencas.in the sampling day given above for th= tun instars



TABLE 4.7 The details of the timing of the second oviposition and sampling in the second (interstage)
larval competition experiments,

Stages involved E,Dixis:n:§:ond E:izgzjfizzs C. chiizgzi;ng daé. maculatus
Second vs first 2 3 8(19) 10(18)
Third vs first 4 5 10(21) 12(19)
Third vs second 2 2 10(20) 12(22)
Fourth vs first 8 9 14(20) 16(17)
Fourth vs second 6 6 14(20) 16(20)
Fourth vs third 4 4 14(21) 16(23)
Pupae vs first 13 14 19(19) 21(22)
Pupae vs second 11 11 19(186) 21(21)
Pupae vs third 9 9 19(20) 21(16)
Pupae vs fourth 5 5 19(20) 21(20)
Adult vs first 16 17 22(17) 24(19)
ndult vs second 14 14 22(18) 24(26)
Adult vs third 12 12 22(186) 24(21)
Adult vs fourth 8 8 22(19) 24(16)

Adult vs pupae 3 3 - 22(19) 24(18)

59l



166

concerned. for example, in C. chinensis the sampling day for second
instar larvae was day eight and that for first instar larvae was day
six and the difference between these two sampling days (i.e. two days)
fixed the timing of the second oviposition. In this way, when beans
were sampled on the day appropriate for the required stage from the
first cohort, the second cohort would have the age appropriate for
censusing the second stage. The days on which each set of beans uas
Sampled and the number of beans in each sample are given in table 4.7.
The results of the analysis of the interstage competition data
are summarized in tables 4.8 (C. chinensis) and 4.9 (C. maculatus).
The data were analyzed twice. In the first analysis all the estimated
competition coefficients which were judged significant at the 0.05
level were included in the model and the results of these analyses
are given in tables 4.8a and 4.9a. Some unexpected results uwere
obtained in this way, notably the significant effects of first or
second instar larvae on larger instars, although the estimates for
these _o 's were in general smaller than those for other interactions,
An examination of residuals from the analyses leading to these initial
competition matrices indicated that the marginally significant para-
meters (those with .05~ p>.01) did not contribute substantially to
an improved description of the data. Further it appeared that the
ratio of eqhation 4.2B tested in these cases was inflated due to the
low integer values of the data considered. Consequently the data
were reanalysed and only estimates of _:iii which had significances
of p<.01 were included in the model., In addition, estimates of
competition coefficients were only considered which reflected inter-
action between a stage and all smaller stages, and the effects of
smaller instars on larger ones were arbitrarily set equal to zero.

The only two parameters included in the model which did not strictly



THABLE 4,8 ihe original (a) and revised (b) estimates of interstage competition coefficients for L. chinensis.,
The values across each row give the effect on that stage by the stages identified at the top of
each column. Values marked with (+) have significances of ,05>p>.01, those marked with (*) have
significances of .01 >p>,001 and those marked with (**) have significances of p%X ,007., See text
for discussion,

Stage First Second -Third Fourth Pupae pre-emargent
Adults
First ———— 0.00 0,0125%* 0.0709%% 0,0926%% 0,392%*
Second 0.00 ——— 0.00 0,00 0.00 0.00
Third 0.00467* 0.00586+ - 0.101** 0.0657* .00
(a) Foul‘th 0001 09* OQDD D.DD - ——— Dl0225+ DoOD
Pupae 0.00 0.00 0.00 0.00 ———— 0.00
pre-emergent 0 0.00 0.00 ——
Adults 0.00 0.00 0.00 .
First ———— 0.00 0.0123% 0.0675%% 0.,0918%x% 0.0918%x
Second 0.00 0 cmee- 0.00 0.00 0.00 0.00
Third 0,00 0.00 ———— 0,0827%*% 0.0408% 0.00
(6)  Fourth 0.00 0.00 0.00 ———- 0.00 0.00
Pupae 0.00 0.00 0.00 0,00 ——— 0.00
pre-emergent 0.00 0.00 0.00 0.00 0.00 ——-

Adults

L9L



(a)

(b)

TABLE 4.9

The orginal and revised estimates of interstage competition coefficients for C, maculatus.

The values across each rou give the effect on that stage by the stages identified at the top of
each column, Values marked with (+) have significances of .05>p >.01, those marked with (*)
have significances of .01> p> .001 and those marked with (#**) have significance of p <.001.

See text for discussion,

Stage First . Second Third Fourth Pupae pre-emergent
Adults

First — 0.0259+ 0.00 0.0246%* 0.0360%* 0.0336+
Second 0.00 —— 0.00 0.0719%» 0.00 0.00
Third 0.0230% 0.00 — 0.00 0.00 0.00
Fourth 0.00 0.00 0.00 _— 0.00 0.00
Pupae 0.0190** 0.00 0,00 0.00 ——— 0.122+

pre-emergent 0.00 0.00 0.00 0.00 0.00 —
Adults
First — 0.00 0.00 0.0242%% 0.0340%* 0.0315+
Second 0.00 _— 0.00 0.0550%* 0.00 0.00
Third 0,00 0.00 — 0.0539%% 0.00 0.00
Fourth 0.00 0.00 0.00 —— 0.00 0.00
Pupae 0.00 0.00 0.00 0.00 — 0.00

pre-emergent 0.00 0.00 0.00 0.00 _—

Adults

0.00

B9l



169

fulfill these requirements relate the interaction between adults

and first instar larvae of both species. In C. chinensis the initial
cohort (of adults) caused the death of practically all of the second
cohort of individuals and because of the large number of zeros record-
ed the minimum sum of squares for these data occurred at a very high

value of o, (.392, table 4.Ba)., It is unlikely, in vieuw of the

nature of the competition (for space within the bean) in these species
that adults should have any.larger effect than pupae on the first

instar larvae, so the value of oL in the revised matrix was set

1A

equal to the value for o

s, the estimated competition coefficient
—p

between pupae and firsts., This assumption of equal effects of pupae
and adults on first instar larvae is supported by the estimated values
for these stages in C. maculatus where the two parameter estimates were

very similar .. The value for in C. maculatus only had significance

*1a

of p<.05 but because of the certainty of the biological importance

of the interaction it was included in the revised matriQ of—campefitian
coefficients. All of the parameters included in this second analysis
were also judged by the examination of residuals as having provided

an important improvement in description of the data. These initial
and revised competition coeffeicient matrices will be used later in
the validation of the larval submodel. It should be noted that when
the initial C. maculatus matrix was used, the value of the competition
coefficient _:iEﬂ (competition between adults and pupae) was set

equal to zero. The estimate of this parameter is almost certainly

due to sampling errors caused by the inability to distinguish between
survivors from the two cohorts due to the considerable spread in the
time of development of these two stages.

A few conclusions on the nature of interstage competition in

these species may be drawn from the revised matrices of competition
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coefficients in tables 4,.8b and 4.9b. Considering the effects of the
various stages on the first instar larvae, the estimated competition
coefficient increases as the size of the stages increase and this
reflects an increasing probability of a fatal encounter (for the first
instar larvae) betueen the stages., The effects of the fourth instar
larvae on the other stages increases as'the size of the other stage
increases which similarly reflects the higher probablity of an inter-
stage encounter occurring as the size of the stages increase. In
general the outcome of competition between cohorts is determined
largely by the timing of recruitment and individuals established first
have a competitive advantage over later cohorts, This is similar to
the consequences of interspecific interstage larval competition between

Rhyzopertha dominica and Sitotroga cereallela in whole wheat grains

reported by Crombie (1944) where the first established individuals
were more successful than those which entered the grain later.

The results of these experiments consist of a pair of independent
variables represented by the initial recruits (the number of hatched
eggs) to both cohorts and a pair of dependent variables represented
by the number of survivors in both cohorts for each of the 15
interactions listed in table 4.7. The presentation of these data may
be achieved by plotting the two independent variables and one of the
dependent Qariables in three dimensions but the resulting figure is
not very helpful in interpreting the data, An alternate method is
to plot proportionate survival of one cohort against the initial
recruits to the other and this method has been used here to present
the data for one interaction for both species in figure 4.14., the
two curves shoun in figures 4.14a and 4.14b indicate how the predictions
of mortality were improved by the addition of the parameters cxi..

In both cases the estimated value of o clearly provides a
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FIGURE 4,714 An example of the inclusion of interstage
density dependence improving the prediction of mortality
of (a) first instar larvae competing with fourth instar
larvae in C. chinensis and (b; second instar larvae
competing with fourth instar larvae in L., maculatus. 'lhe
broken line gives the prediction of the model when no
interaction between the stages is included. These pre-
dictions decrease with increased initial density of the
first cobort due to interactions between late develop-
ing third instar larvae in the initial cohort and first
instar larvae in the second cohort in (a) and between late
developing first instar larvae in the second cohort and
fourth instar larvae in the first cohort in (b). The
description of these data was improved by the addition

of interstage competition coefficient to the model as is

shown by the solid lines in {(a) and (b). ;
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better description of the data (solid lines in figure 4,14) than the

predictions when .. was set at zero (broken lines). The predicted
—_—2l1

curves in the figure were obtained from the revised competitian co-

efficient matrices.

4,4 Validation of the model and simulations

Having developed a complex model based on description of the
underlying processes, it is useful to compare the model's predictions
with some independent experimental results. This is the best test
of the models adequacy. Ihis section reports on some investigations
which permit to a greater or lesser degree such validation of the
oviposition and larval population submodels, Finally the two submodels
will be considered together as a simulation model for the growth of

a Callosobruchus population and the results of these simulations

discussed.

4,4,1 some further oviposition experiments

The oviposition submodels developed above clearly provide reason-
able descriptions of the number of total and hatched eggs laid by
adults of these species at different densities as seen in figure 4.5.
It is important, however, to consider the number of eggs appearing
gach day since this will determine the timing of recruitment to the
larval stage which, as discussed above, is of considerable importance
in determining the outcome of larval competition. Tuwo simple
experiments were therefore performed for each species where five and
60 pairs of 0-23 hour old adults were placed in small plastic dishes
with 3.70g of beans. The dishes were kept at 30°C, 70% relative
humidity until the adults had died (except in the case of the single
dish of 60 pairs of C. maculatus adults which was not kept after day
six) and the total number of eggs present on the beans were recorded

each day, These data are presented in figure 4.15 (solid bars) as
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FIGURE 4.15  The observed (solid bars) and predicted
(open bars) cumulative proportion of eggs lLaid by adults
of C. chinensis (a,b) and C. maculatus (c,d) at densities
of five pairs (a,c) and sixty pairs (b,d). The experi-
ment in (d) was terminated after six days; all other
experiments ended after the death of all the adults., See

text for discussion.
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the cumulative proportion of the final total number of eggs laid.
The oviposition submodel has also been used to provide the expected
cumylative proportion of eggs laid and these expected results are
also given (hollou bars) in figure 4.15,

The predicted oviposition records of C. chinensis at five and
60 pairs did not agree with the abserved records (figure 4.15a, b);
the predicted proportions of eggs present was considerably higher
than the abserved proportions during the early period of oviposition,
There may be several reasons for this, such as the density dependent
functions ha(A) or h;(E) not being constant with adult age. The
most probable cause for the disagreement, however, was that the ovi-
position record of the crowded adults used in the experiments was
different from that used in the model. It may be seen that the
predicted proportions of eggs present are in close agreement with
the observed proportions present one day later, possibly indicating
that many of the adults used in the experiments delayesd the start of
their oviposition by one day. 1t may be recalled that in the repeated
oviposition record experiment for C. chinensis (page 132 ) all 30
replicates showed a preoviposition period of at least one day in
contrast to the results of the first experiment which provided the
oviposition record for the model. This emphasizes the variable
nature ofloviposition behaviour in the strains of C. chinensis used

the

here. 1In addition,kdata presented here arise from only a few replicates
(five and one replicate at densities of five pairs and 60 pairs,
respectively) and this may have contributed to the discrepancies
between the observed and predicted results.

The oviposition records of C. maculatus at densities of 5 pairs
(two replicates) and 60 pairs {one replicate which was not recorded

after day six) are presented in figures 4.15c and d. The expected
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oviposition record of five pairs was in close agreement with the
observed record. At a density of 60 pairs the predicted propartion
of eggs appearing aon the first day was notably less than was observed
although the predictions for the other days were in better agreement
with the data. This discrepancy may be due to the premature
termination of the experiment since more eggs might have been laid
after day six; houwever the total number of eggs observed in this
experiment was 372 which is in close agreement with the mean total
fecundity of 60 pairs of adults (figure 4.5a).

These experim=ntal results thus generally support the distribu-
tion of oviposition predicted by the submodel, but some improvement
is likely from further investigations into the effects of density on

adult life~span and oviposition.

4.4,2 Validation of the larval submadel

In order to compare model predictions with saome observed,
independent results, it is useful ta return to the experimentally
determined reproduction and larval survival curves discussed in the
previous chapter. 1In these experiments the total number of hatched
eggs and adult progeny arising from adults at different densities
were scored and the results used to define the single generation
reproduction curves discussed aon page 58 . Comparable, predicted
reproduction curvesmay also be obtained by linking together the ovi-
position and larval submodels. The details of how this was achieved
are given in the next section. In principle, the number of recruits
to the larval stage at different adult densities was determined from
the predicted number of hatched eggs, and the subsequent predicted
larval develapment and campetition {(from the larval submodel) then

determined the number of surviving adult progeny. Since oviposition
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occurred over several days, the recruitment to the larval stage was
larval

also distributed through time. The|survival was determined by both

intrastage and interstage competition and it is the predicted outcome

of this competition which is being cansidered here.

The observed and predicted survival from the egg to adult stages
is shoun over a range of hatched ednsities in figure 4.16a for C.
chinensis and figure 4.16b for C. maculatus. Two predicted curves
are given in each figure; the broken lines give the predictions when
the initially estimated competition matrices were used and the solid
lines give the predictions when the revised matrices were used. The
predicted curves do not span the entire range of observed egg densities
since the number of hatched eggs predicted by the model does not
exceed 344 for C. chinensis or 201 for (. maculatus. However, as
larval competition is largely of the contest type it is reasonable
to assume tﬁat an extension of the predicted curves to cover the
remaining portion of the data would not misrepresent tha expected
autcomg at these slightly higher densities,

Ihe predictions for C. chinensis were in reasonable agreement
with the data although the models seemed to predict a slightly more
undercompensatory density dependent procsess than was indicated by
the data. 1The prediction from the revised matrix gave a better
description of the data than that from the initially estimated matrix
which generally underestimated larval survival. The model for C.
maculatus provided a good description of the observed results and
here the predictions given by the two matrices were similar. The
general agreement in both species is particularly encauraging since
these data have not been used in quantifying any of the parameters
in the model and hence provide independent information for comparison

with model predictions.
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FIGURE 4.16 The number of adult survivors at different
densities of hatched eggs arising from single generation
experiments for C. chinensis {aj and C. maculatus (b).
The simulation model was used to provide a predicted
curve from both the initially estimated (broken line)} and

revised (solid line) competition coefficient matrices.
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The predicted and observed number of adult progeny at different
adult densities are shouwn for both species in figure 4.17. Tt should
be recalled that adult density dependence and egg mortality are of
considerable importance in determining the shape of these curves, and
consequently they must be viewed with caution when considered as
validation of the larval submodel, The predictions for both speéies,
however, were in reasonable agreement with the observed data and the
predictions given by the revised competition matrix (solid lines in
figures 4.17a, b) provided a better description than was provided by
the initially estimated matrices. A few points require discussion.
The C. chinensis predicted reproduction curve (given by the revised
matrix) grossly underestimates the number of progeny from 10 pairs of
adults due largely to an underestimate of the number of eggs laid at
this density. The overestimation of the number of progeny at moderate
densities in this species is due to the underestimation of larval
mortality. Finally, at high densities of C. maculatus there were
fewer cbserved progeny than were predicted by the modgl. As discussed
on page 78 this was due to a higher mortality in hatching larvas at
these densities than at lower adult densities and the model as here

developed does not consider this problem.

44,3 Long-term simulations of Callesobruchus populations

The final portien of this investigation into the detailed model-

ling of these Calloscbruchus species is to consider the consequences
of using the oviposition.and larval submodels to predict their long
term population dynamics. Since the model as developed predicts the
development of a population in a finite resource it was necessary
before simulating the dynamics of the populations of these species
to specify a schedule by which the population's resources, in this

case the coupeas, would be renewed. The details of the food reneuwal
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FIGURE 4.17 The observed and predicted single~genera-
tion reproduction curves for C. chinensis (a) and C.
maculatus (b), Ihe broken lines give the predictions
from the simulation model with the initial competition
matrix and the solid lines give the predictions from

the revised competition matrix. see text for discussion,

Ddta. tﬁ\veV\ as wmean X s. €.
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regime adopted were designed toe mimic a procedure for studying the

long-term dynamics of laboratory (allosabruchus populations developed

by Dr. i, P. Hassell of the Departmeni of Zoology, lmperial College,
London. Populations are initialized by placing adults with a fixed
weight of fresh beans and are left with those beans for 21 days. At
this time any remaining live adults are provided with fresh beans and
the old beans are kept for a further 21 days to permit immature
individuals in these beans to complete their development. UDuring
this period adults emerging from the old beans are transferred each
day te the dish containing the new beans, After this second 21 day
period the old beans are discarded, and any live adults are transferred
to a new container with fresh beans. The beans on which they were
ovipositing are again kept for 21 days and any adults emerging are
transferred daily to the new beans. This procedure is continued as
long as required, After the initial 21 days the population is
characterized by two sets of bsans, one in which larvae are develop-
ing and no oviposition takes place (the "breeding" container) and

one in which both oviposition and larval development take place (the
"gyiposition" container). This culturing practice is similiar to
those used by other workers for the study of long-term populations

of Callosebruchus species (e.g. Utida 1967; Fujii 1%568).

In reborting the results of the simulations it is useful to
consider the growth of a population in terms of generations. A
useful definition of what constituted a single "generatien" in
these long term simulations, where generations may in principle
overlap, was to consider all the individuals developing from eggs
laid on one set of beans as a single generation., This definition
worked well for C. maculatus where the first adults appeared on day

21 and there was little overlap betueen the eggs of two generations.
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In €. chinensis, where adults first appeared 18 days after oviposition,
there was some overlap between two successive generations since eggs
laid by adults emerging in the oviposition chamber would be considered
as part of the previous generation. Houwever, these few late recruits
to the egg stage represented only a small proportion of the total

eggs laid on one set of beans. Furthermore, few of the larvas
developing from these eggs survived beyond the second instar due to
interstage competition. Consequently, there was no appreciable overlap
between adults of successive generations and this definition was also
used in considering the simulation results for this species,

There were only two serious problems to overcome in the linking
of the oviposition submodel to the larval submodel. Firstly, the
parameters of the ovipasition submodel were estimated from experi-
ments with a fixed weight (3.70g) of resource which represented
about 15 beans, The parameters of the larval submodel, however, were
estimated from experiments where larval density was considered at
the "per bean% level. Consequently it is necessary to make some
assumption about the distribution of eggs oviposited on the beans by
this species. This problem has been considered by Utida (1943b) and
Iwao (1968) for C. chinensis and by Mitchell (1975) for C. maculatus.
In both species adults tend to oviposit uniformly on beans at lou
adult densities and L. chinensis oviposits at random at high adult
densities., However, in the simulations reported here the density of
eggs per bean was considered uniform at all densities resulting in
equal numbers of larvae in all of the beans present throughout
larval development. This simplifying assumption is unlikely to have
had any serious effect on the predictions of the models. The contest
competition during the larval stage would in any case cause the dis-

tribution of individuals among beans to become more regular as develop-
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ment progressed (Utida 1943b). The only important consequence of the
assumption of uniform distribution of eqggs might be to predict slightly
higher equilibrium densities than if a random distribution was con-
sidered.

The second problem to be faced was the modelling of larval
mortality in beans from which individuals had emerged as adults., As
individuals emerge from a bean, the density of competitors in the
bean decreases. However, the amount of resource available to individuals
remaining in the bean does not increase accordingly since it is con-
sumed during larval development. 1In order to account for this, the
number of competitiors in beans in the breeding container was considered
to consist of those present in the beans (as usual) plus the number aof
individuals which had entered the fourth instar stage at any time
during the development of larvae in those beans., In this way the
exploitation of the beans could be easily accounted for; the fourth
instar was used instead of emerged adults because of the previously
discussed problem of estimating competition coefficients between the
pre-emergent adults and any stage other than the first instar.

The complete model was now used to simulate the growth of the

Callosobruchus populations subject to the particular feood renewal

schedule discussed above. These simulations are shown in figures 4.18
and 4.i9. Populations of C. chinensis started with a single pair of
adults showed an initially sigmoid but subsequently meonotenic approach
to a stable equilibrium (figure 4,18c)., This is in accord with much
af the data in the literature on the lang term dynamics of this
species {(see page 1071 and figure 3.11). After the population reached
equilibrium the numbers of individuals entering each stage and the
numbers of individuals present daily in each stage were constant in

successive generations, This equilibrium age structure was reached
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FIGURE 4.18 The results aof the model simulations for

L. chinensis using the revised competition coefficient
matrix., (a) the partial population curves for a single
generation at equilibrium, (b, the number of individuals
entering each stage in a generation at equilibrium. (c)
the predicted growth of a population started from a
single pair of adults., Thz symbols next to the curves

in (a) represent ths various stages as follaus: E, =qggs;
I-1V, the four larval instars; P, pupae; A1,pre-emergent

adults; A emerged adults. See text for discussion.

2’
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regardless of the initial density or compositien of the population.
The numbers of individuals entering each stage (figure 4.18b) indicate
the relative importance of mortality in the different stages. There
was a large mortality of eggs (38%) due to adult trampling. Larval
density dependent mortality accounted for losses in the first (30%)
and third (45%) instars. There was little mortality in the second
instar in accord with the lack of competition in this stage. There
was only moderate mortality in the fourth instar stage (17%) since
prior interstage competition had reduced the size of the larval popula-
tions to a level near the carrying capacity of the beans. There was
also little mortality in the pupal stage and none in the pre-emergent
adult stage. Figure 4,.,18a shouws the predicted partial population
curves for the inidividuals present in a set of beans from the first
day in the ovipesition chamber te day 42 when they were discarded.
The second generation of adults appearing after day 21 was actually
present in the oviposition chamber but is included in the figure for
convenience. It is noteworthy that the adults of the two generations
overlap very little. The skewed nature of the partial population
curves was due partly to the skewed distribution of development but
also to the sksuwed initial recruitment to the egg stage due to
decreased ovipesition after the density of eggs has increased. A
distinction must be made here betwsen the partial peopulation curve
for the egg stage shown in figure 4,18a which depicts the number of
live eggs present, and the total number of live eggs, dead eggs and
eqg shells which were present on the beans., This latter cumulative
total number of eggs was used to determine the reduction in fecundity
due to egg density as it seems unlikely that adults of these species
are capable of distinguishing hatched eggs from live or dead eggs.
The minor increase in the number of eggs present which eccurred on

day 21 arese from oviposition by the few adults which emerged before
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the beans uere transferred to the breeding container. TFinally it may

be noted that the predicted equilibrium adult population (141 individuals)
was higher than that given by the models developed in the previous

chapter (approximately 110 individuals).

The most useful validation of these simulations results is to
compare them with results of long term studies on the particular strain
of C. chinensis used here. Such studies have been undertaken by Dr.

M. P. Hassell { perscnal communication). 1n his studies 24.5 g of
cowpea were used, The equilibrium was approached monotonically and
the equilibrium density attained was approximately 800 adults, or 120
adults per 3.7 g of beans.

The predicted equilibrium (141 adults) was in general agreement
with this value and it was concluded that the simulation model provides
a reasonable representation of population growth and dynamics in this
species.

Tne results of the C. maculatus simulations are shoun in figure
4.19. The most notable difference between the two simulations was
the oscillatory approach to equilibrium shown in figure 4.19c. This
was not due to overcompensatory density dependence but rather to
asynchrany between the developing population and the schedule of food
renewal (the mean period for development from egg to adult in this
species was approximately 25 days). This asynchrony caused an oscilla-
tion with a period of approximately 10 generations, The decreasing
phase of each escillation occurred when the adult population was
emerging late in the sampling period and consequently some immature
individuals were discarded with the beans on day 42. The increasing
phase corresponded to generations uhere tha adults emerged earlier in
the sampling period and had fewer progeny lost when the beans were

re pov“ﬁd
discarded. These oscillations are in contrast with thosekin the



191

FIGURE 4,19 The results of the model simulations for ,
L. maculatus using the revised competition coefficient
matrix. (a} the partial population curves for a single
generation at equilibrium, (b) the number of individusals
entering each stage in a generation at equilibrium, ()
the predicted growth of a population started from a
single pair of adults. The symbols next to the curves

in (a) represent the various stages as follous: E, eggs;

1-IV, the four larval instars; P, pupae; A pre-emargent

1’

adults; A emerged adults. 5See text for discussion,

2!
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literature showing a period of two generations. As previously discussed
(see page 78 ), houever, these tuo-generation oscillations werz due
to overcompensatory larval competition. In the system studied here
larval competition was compensatory and consequently the differences
betwueen these simulation results and the results of long term studies
in the literature do not reflect any serious deficiencies in the model.
In spite of the differences betueen the food renewal schedule and the
developmental period of this species, the population eventually reached
a stable equilibrium with constant partial population curves and
numbers entering each stage in successive generations. As before, this
stable age-structure was independent of the size or composition of the
initial population. At equilibrium, the predicted mortalities in the
larval stages (figure 4.19b) were more constant and the partial popula-
tion curves (figure 4.19a) were more symmetric than for L. chinensis,.
The equilibrium deQSity predicted by the simulation model (61 adults

TeQ
per generation)if;uourably with that predicted by the models of the
previous chapter (approximately 60 adults).

The predicted equilibrium was in reasonable agreement with that
observed in long term studies on this strain of C. maculatus (M. P.
Hassell, personal communication). The observed equilibrium was 520
per 24,5 g of beans or approximately 79 per 3,7 g. There was also
some indication in these studies of an oscillatory abproach to equilib-

rium with a period of several generation, as was predicted by the model.

4.5 Conclusions

The most important contribution made in this chapter to the
modelling of insect populations was the development of the cohort
life~table model of. section 4.2,2., This model has two features of
distinct value., (i) It may be used to analyse cohort life-table data

and provides readily interpretable parameters of bioclogical importance,
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(ii) Its simple predictive structure permits the easy incorporation

of the estimated parameters into a population submodel., Furthermare,
the two recursive relatienships (equation 4,17 and 4,20) which define
the model provide a framework in which a number of important processes
may be included. In this chapter the process of density dependent
mortality was added to the life-~table model in order to simulate a
well knowun regulated laboratory system, but the model may also be
extended to include other processes such as predation or parasitism,

as will be seen in chapter 6,
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Lhapter V. INTERSPECIFIC COMPETITION.

5.1 Introduction

The previous two chapters have outlined two distinct approaches
for constructing models of single-species populations: (i) where
density dependent processes have been described by simple functions
which are then treated directly as population models (chapter 3) and
(1i) where the processes of population growth and development have
been described using complex formulations (chapter 4)., 1In this
chapter both approéches will be used to develop models for tuo
competing populations using the results of some laboratory investiga-

tions on the interactions between Callosobruchus chinensis and C.

maculatus, This will enable interspecific competition to be quantified
and will lead to the development of a single age-class two-species
model, a two age-class two-species model and a two-species simulation
model.

This chapter is divided into two sectiens. Firstly, there is
a brief outline of the development of simple two-species models and
data are presented which permit the parameters requi¥ed for the single
and two age-class models to be quantified, In the second section the
simulation model developed in the previous chapter is modified to
include-intgractions between the two species. The necessary parameters
are quantified and the dynamics of the two-species simulation model

are presented.

5,2. Constructing simple tuo-species models

5.2.1 The models
Models for the growth of two competing species were initially
introduced by Lotka {1525) and Volterra (1926), who independently

proposed the familiar tuwo-species logistic grouth model:
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%% =rx(1 - a(Xx + ayv)), (5.1a)
-E% =o'Y(1 - a' (Y + o'X)). {5.1b}

In this model the growth rate of species X (dX/dt) is determined by
the species' intrinsic rate of increase r, the carrying capacity for
species 5_(}/3) and the density of individuals of both species X and

Y (similarly for species Y). The parameters _@ and o' in eguatian

5.1 reflect the per capita eguivalence in density between the tuo
species and are commanly termed competition coefficients, The out-
come of the interspecific interaction in this model is determined by
the relative carrying capacities for the two species and the intensity
of interspecific competition. There is a two species eguilibrium
only when the zero-growth isoclines for the two species intersect and
the product a«' <1. More appropriate for the study of many
insect populations is the generalbdiscrete»time formulation of a two-
species model (Hassell & Comins 1976):
Xt+1 = th(xt + a.Yt), (5.23)
Yeur = VP (Vg + o Xy), (,S'Za) .
where the per capita reproduction of species X is a function of the
density of both species ( and similarly for species 1). The functions
f and jl determine how density affects reproduction, and the effects
af interspecific competition are defined as in eguation 5.1 by the
competitioﬁ coefficients _o and _Qﬁ,

Equation 5.2 was used here as a basis for the single age-class
models for competition between €. chinensis and €. maculatus. The
development of this model follows that of the single species models
in chapter 3, where the density dependent function

f) = A+ (@) (5.3)
was used to describe the single-species reproduction curves. In

this equation, A is the finite net rate of increase and the form
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of density dependence is determined by the parameters a and b. The
parameter a is a scaling constant and the parameter b determines the
severity of the density dependence. As b increases from zero (no
density dependence) the severity of qompetition increases. The roles
of the parameters a and b have been fully discussed in chapter 2.
Substitution of the equation 5.3 into the general model of equation

5.2 yeilds the single age-class model used here:

Xeop = A X (1 + alx, oth)b)"1, (5.4a)
Veop = N V(1w a (v + o x ) )7 (5.4b)
The construction of the two age-class two-species model similarly
followed the developments in chepter 3. The single-species two age-
class models were based on the premise that the adults and immature
stages of these species do not interact, and took the form
Xioq = th(xt), (5.5a)
Xpp1 = %gaq90%g )0 (5.50)
Here the populations consist of adults X and "larvae" 5_(uhich
includes all the nonovipesiting stages). Oviposition by the adults
is governed by the density dependent function f and larval survival
is determined by the function g. This model may be easily modified

to include interspecific cohpetition:

Xioq = th(xt + @ Yt)’ (5.6a)
Yioq = th“(Yt oo X ) (5.6b)
Xeoq = xtg(xt-+3 yt), (5.6c)
Yipr = ytg'(yt + 3'xt), (5.6d)

where y and Y are the larval and adults of the second species and
the parameters o and_§~are fhe competition coefficients for the
larval and adult stages, respectively. This model is similar to
that developed by Hassell & Comins (1976), although these authors

did not consider interspecific adult competition. As for the single
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age-class model, the form of the density dependent functions f and fl
used was equation 5.3, The similar density dependent model

g(x) = d(1 + (ex)®)" (5.7)
was used for the functions g and gl. This model differs from equation
5.3 only in the interpretation of the parameter‘g which specifies the
density independent proportionate larval survival; the parameter dis
constrained such that 12d20,

When equations 5.4 and 5.6 were fitted to the data discussed
below, the values of the parameters A, a, b, c,dand e used for
each species were those estimated in chapter 3 from single species
experiments. Consequently the only parameters which required estimating
were the competition coefficients & and .fl. The values of tﬁese para-
meters were found which minimized the sum of squared differences

between model predictions and abserved results,

5.2.2 Interspecific competition in Callosobruchus species

In chapter 3, the effects of intraspecific competition on reproduction
in C. chinensis and C. maculatus were determined by experiments in
which various numbers of adults were confined with a fixed weight of
cowpeas and the numbers of eggs laid by these adults and the number
of progeny surviving to the adult stage were scored. This experi-
mental design has also been used to investigate interspecific
competition in the following way. Various combinations of densities
of 0-2% hour old pairs of adults of the tuwo species were placed in
small plastic dishes (3.5 em in diameter and 4.0 cm high) with 3.70 g
of cowpea. These experimental dishes were kept at SUOC, 70% relative
humidity until the adults had died and sufficient time had passed to
allow all the viable eggs to hatch. The number of total and hatched

eggs of both species in each dish were counted and, after the adult
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progeny had emerged, the total number of progeny of both species uas
scored. Six initial adult densities of both species were used and
replicated as in table 5.1.

Figure 5.1 shows the number of progeny of C. chinensis and C.
maculatus at varying combinations of densities of both species., The
solid lines are given by equation 5.4 with the values of the para-
meters shown in table 5.2a. The estimates af the competition co-
efficients were examined by camparing the mean square ratio discussed
on page 121 with the appropriate value af the f distribution and in
both cases the parameter was judged significant with p <.001. The
predicted curves for C. chinensis agree well with the observed results
at C. maculatus densities of two and 10 individuals, but generally
underestimate the number of survivors at higher L. maculatus densities,
The data for C. maculatus are less well described by the fitted
model although this may be partly a result of the imprecision of the
model when describing only the intraspecific data as discussed on
page 58 . The estimated values for the competition coefficients
given in table 5.2a clearly indicate a competitive superiority of C.
maculatus: the value of the coefficient relating the density of C.
maculatus to C. chinensis was more than eight times greater than
that relating C. chinensis to C., maculatus. This high value raises
a queStion'about the use of previously estimated values of the
species-specific parameters in the analysis of interspecific com-
petition, If the parameter « is very large, then the effective
density of competitiors X + «a¥Y in equation 5.4 may exceed the
range of observed intraspecific densities available for quantifying
the species=specific parameters. Since the value of _a for C,
chinensis was much greater than unity the predicted curves at high

C. maculatus densities in figure 5.7a arise from effective densities
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TABLE 5.1 The number of replicates at various combinations of
initial adult densities of C. chinensis and C. maculatus
in the single~generation experiment.

L. maculatus
L. chinensis 2 10 40 8o 120 160

2 S 5 3 2 2 2

10 3 S 4 2 2 2

40 4 4 5 1 1 1

80 2 3 1 2 1 0

120 0 3 0 1 1 1

160 1 2 1 0 1 1
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FIGURE 5.1 The effect of interspecific competition an
the reproduction curves of (a) C. chinensis and (b) C.
maculatus. The single-species reproduction data of
chapter 3 are identified by the symbol (+). The other
symbols indicate the density of the competing species as
follows: O-2; ©0-10; ©-40; ®-80; & -120; w -160. Solid
lines give the predictiaons of the fitted model of equation

5.4 with the parameter values of table 5,2a.
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TABLE 5.2 The estimated values for the parameters of the single
and two age-class tuwo-species models., The values for
_A, a, b and d are taken from the analyses in chapter
3. The values for _o were experimentally determined
as discussed in the text,
Parameter C. chinensis C. maculatus
{a) reproduction curves, figure 5.1
A 15.687 7.9254
a 0.078738 0.040550
b 1.2501 2.2178
o 6.0016 0.727149
(b) total fecundity, figure 5.2
A 22,928 17.5702
a 0.073775 D.034789
b 0.50905 1.1237
o 50.0316 0.231029
(c) hatched eggs, figure 5.3
A 11.465 13.294
a D.017429 0.030014
b 1.7737 2.4806
a 5.61171 0.365241
(d) larval survival, figure 5.4
d 1.0080 0.63335
a 0.0047084 0.0038716
b 1.3738 .1.9503
o 2,66083 1.92314
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well outside the range used in the intraspecific experiments. Con-
sequently, it is unsafe to draw any conclusions concerning possible
nonlinearity in the competitive relationship, and more complex func-
tions than the assumed species eguivalence relation (i.e. constant
_ot ) uvere not considered here.

The data on total fecundity of L. chinensis and C., maculatus are
shoun in figure 5.2 together with the predictions from the parameter
values in table 5.2b. As before, both estimated interspecific com-
petition coefficients were significantly different_from zero with
p<.001. The fitted models provide a reasonabls description of the
data and it is clear that the C. chinensis adults were more severely
affected than C. maculatus by the presence of the other species, The
estimated value of o for C. chinensis is so large that its magnitude
has little meaning; the predicted effective density of competitors at
high C. maculatus densities exceeds the range of densities used in thse
intraspecific experiments by more than 3000 percent. This high value,
however, does support the gualitative observation that the C. maculatus
adults were having a large effect on the C. chinensis adults; similar-
ly‘the small estimated value of the competition coefficient for the
effect of C., chinensis on €. maculatuys reflects the small observed
reduction in fecundity of Ef maculatus in the mixed species experi-
ment,

The tuwo-species, two age~class model of equation 5.6 requires a
value of the number entering the larval stage as a function of the
density of the adults of both species. In order to provide this, the
data on the number of hatched eggs which occurred at different com-
binations of adult densities were considered (figure 5.3). The
estimated values of the competition coefficients in table 5.2c were

both significant (p <.001), and the resulting predictions provide a
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FIGURE 5.2 The effect of interspecific competition on
total fecundity of (a) L. chinensis and (b) C. maculatus.
The single-species data from chapter 3 are identified by
the symbol (+). The other symbols indicate the density
of the competing species as follows: O-2; @ -10;

D -40; ®-80; A -120; W -160. Solid lines give
the predictions of equations 5.6a and 5.6b with the

parameter values given in table 5.2b,
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FIGURE 5.9 The effect of interspecific competition on
the number of hatched eggs of (a) C. chinensis and (b) Cc.
maculatus, The symbols indicate the density of the com-
peting species as follous: O-2; ®-10; ® -40;

® -80; £ -120; =¥ ~160. Solid lines give the
predictions of equations 5.6a and 5.6b with the parameters

in table 5.Z2c.
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FIGURE 5.4 The predicted effect of interspecific
competition on larval survival, The predicted curves
are from equations 5.6c and 5.6d with the parameter
values given in table 5.2d. The initial density of
competitors of the other species is indicated next to

each curve,
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reasonable description of the data for both species. Houever, for
L. chinensis the predictions overestimate the observed number of
hatched eggs at louw C. maculatus densities and underestimate the
observations at high densities. The predicted number of C. maculatus
eggs hatching at high densities of either species generally over-
estimates the observed numbers due to the original overestimation

in the single-species model. The larger competition coefficient for
C. chinensis indicates the competitive superiority of C. maculatus
adults. However, as these data depend on the total number of edqgs
laid by both species, this Tinding merely emphasizes the previous
conclusions on interspecific adult competition.

The data on the number of progeny surviving to adults at different
hatched egg densities were obtained as discussed above, from which
the interspecific larval competition in the two-age class model uwas
quantified. The estimated values of both competition coefficients
were significant (p < .001, table 5.2d) and examples of the predicted
effects of interspecific density on larval survival are shouwn in
figure 5.4, The similarity in size of the estimated competition co-
efficients indicate that the competitive effects between the larval
stages of these two species are much more similar than in the adult
stage. The slightly higher value for the effect of C. maculatus on
C. chinensis probably reflects a slight advantage due to the larger

size of C. maculatus larvae.

5.2.3 The predicted cutcome of interspecies competition

The parameters values in table 5.2 now provide the necessary
information to investigate the dynamics of competing populations of
these two species. The values used for the single age-class model of

equation 5.4 are given in table 5.2a and those for the tuwo age-class
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model in table 5.2c and 5.2d, It was also necessary to specify a
sex-ratio for the two species (during parameter estimation the sex
ratio had been assumzd to be 0.50 for both species in accord with
the experimental design), and the values determined experimentally
in chapter 3 of 0.500 for C. chinensis and 0.451 for C. maculatus
were used. It should be noted that the values given in.table 5.2
for the parameters _A\ are per capita (not per female) net rates of
increase. The dynamic properties of the two models are most easily
discussed with reference to the predicted zero-growth issclines for
the two species shown in figure 5.5. The linear isoclines for the
single age-class model shown in figure 5.5a (solid lines) were found
by rearrangement of equation 5.4 after setting both Xt+1 = Xt and
Yt+1 = Yt' The value of X which provides no change in population
size between successive generations is now given as a linear function

of Y,

x= (& (a -0k ay, (5.8)
where the intercept on the abcissa is the single species equilibrium
density X*. The two species equilibrium at the intersection of the
two isoclines is unstable since the product of the competition co-
efficients exceeds unity. Any disturbance of the two populations
from the equilibrium results in extinction of one or other of the
species, The broken line in figure 5.5 divides the phase space into
two regions which determine which species survives from any non-
equilibrium population densities: densities which lie above the
line result in the survival of only C. maculatus while those belouw
the line result in the survival of C. chinensis. Examples of the
predicted dynamics of population started at points A and B in figure

S.5a are shown in figure 5.6a and b, Finally it may be noted that

the competitive superiority of C. maculatus predicted by its larger

campeﬂ‘rlor\ coefSiciedt |5 Teflected b\f the lo-r%er
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FIGURE 5.5 The zero-growth iscolines
predicted by the simple two species models. (a) lhe
isoclines for the single age-class model., (b) The
isoclines for the adult populations of the tuo age-
class model. (c) The isoclines for the larval popula-
tions of the two age-class model. The equilibrium
indicated by the intersection of the two isoclines in
each case is unstable. The points A, B, C, atd D
correspond to the initial adult population densities in
the examples of the two possible outcomes of competition

in figure 5.6, See text for further discussion.
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FIGURE 5.6 The outcome of interspecific competition
as predicted by the single and two age~class models.
Solid circles indicate C. maculatus, Hollow circles
indicate L. chinensis. The points A, B, C.and D in
figure 5.5 correspond to the simulations in figures
5.6a, 5.6b, 5.6c and 5.,6d. wnNote that there is not a
stable equilibrium and that the outcome of competition

depends on the initial densities.
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region in the phase space which results in extinction of L. chinensis.

The zere growth isoclines for the adult and larval stagss pre-
dicted by the tuo age-class model are shoun in figures 5,5b and 5.5c.
The isoclines cannot be determined analytically due to the large
number of paraﬁeters so their positions were found numerically. The
most notable feature of these isoclines is their complex shape which
arises solely from the multiple age class structure of the model
{Hassell & Comins 1976). The predicted adult and larval equilibria
are, as in the single age~class model, unstable and once again the
competitive superiority, particularly in the adult stage, of C.
maculatus is emphasized by the relatively large portion of the phase
space uwhich results in the extinction of C. chinensis. The predicted
dynamics of populations initiated by adult densities C and D are shoun
in figures 5.6c and 5.6d.

Boeth of these simple models predict an unstable equilibrium and
indicate that C. maculatus would be the more likely survivor in the
long-term mixed cultures of the species. Considerable evidence is
available in the literature on the outcome of such long-term experi-
ments and in no study uas a stable equilibrium established. The
successful species, houever, has not been found invariably to be C.
maculatus and the outcome of the interaction is dependant on the
strains embloyed. Fujii (1969) investigated competition betueen four
strains of each species (resulting in 16 combinations) and found in
six cases C. maculatus to be the successful competitor and in the
remaining 10 cases C. chinensis outcompeted C. maculatus. Experimental
validation of the model developed here would clearly require long-
term experiments to be undertaken with these strains of both species,
but in the absence of this information the general impression from

the literature of instability of the interaction is encouraging.
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Furthermore, Fujii (1970) has also studied the role of adult behaviour
in determining the outcome of competition in these species. Of the

two cases studies, where C. maculatus was the successful competition
there was apparantly little interaction betueen adults of the two
species, UWhere C. chinensis was successful, however, competition be-
tween adults was important and C. chinensis adults were found to be
more common at the oviposition site than C. maculatus adults. Although
the details of the interaction between these strains may differ from
those studied here the results obtained by Fujii support the general
impression that competition in the adult stage may play a major role

in interspecific competition.

5.3 Extending the simulation model to two species

5.3.1 The necessary modifications

In the same manner that the single~species models of chapter 3
have bzen extended to tuo-species interactions, the simulation model
of chapter 4 is easily modified to include interspecific competition.
Since the developmental processes (adult life-span and larval develop-

ment) in Callosobruchus were found to be independent of intraspecific

density, they were also assumed to be independent of interspecific
density.l Consequently, the only modifications required to the simula-
tion model were in the density dependent processes of fecundity and

egg and larval mortality, The modelling of interspecific effects

for each of these processes will be considered in this section, and
subsequently some experimental data from which the necessary para¥
meters were quantified will be presented and discussed. These estimated
parameters will then be used in simulating the outcome of competition
between C. chinensis and L. maculatus.

In chapter 4 it was found that intraspecific competition in
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adult C. chinensis and C. maculatus includes two density dependent
responses which reduce daily fecundity: a response to egg density and
a respanse ta adult density. These two responses were characterised

by the functians h; () and ha(A), respectively {see equation 4,5 &

4,6), which can nouw be extended to include interspecific campetition
by introducing a competition coefficient:

hUE, + TyEy) = (14 (alE, + % EN)T, (5.9)

ho (A + ByAy) = (1 + (c(A, + ﬂyﬂy))d)_1, (5.10)
and similarly for species y. Here Eﬁ and EZ are the densities aof
eggs and fﬁ and EZ are the densities of adults af species x and yy
respectively. The parameters a, b, ¢ and d are the species-specific
canstants which determine the density dependent respaonse ta intra-

specific egg or adult density as discussed on page 186 . The co-

efficients of interspecific density 7Yy and ﬁ)/ quantify the per

capita effect of interspecific egg or adult density, respectively.
The four intraspecific paramsters have already been experimentaly
determined in chapter 4 (see table 4.1 ) sa experimental results were
anly required here to quantify the interspecific parameters ;L_ and
B for both species.

Cansidering how the presence of adults of the two species affected
eqgg mortality was somewhat maore caomplicated. In the simulation model
of chapter 4 egg mortality was considered a function aof adult activity
and the number of fatal encounters T between eggs and adults was
described as a simple functian of adult density,

T = male, (5.11)
where A was the adult density, E was the egg density and m and Z
were experimentally determined caonstants, If two species are present,
and assuming there are no interspecific interactions between adults

and that the eggs of both species are equally susceptible to damage
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from adults of either species, then the number of fatal encounters
between adults and eggs of species x (for example) is given by
T = (mA %X 4 m A ZY) E (5.12)
X X X Yy X
where the subscripts represent the two species. As in chapter 4, the
proportionate daily survival S of the eggs of species x is found by
distributing the number fatal encounters per individual at random
among the eggs;
1 . .
S = expl—— Ty) (5.13a)
Ex
or

A £
= - X - .
S exp( m A m A y), (5 13b)

b4
and similarly for species y. Equation 5.12 forms a null hypothesis

for a two-species egg mortality function. A .number of alternate models
may be constructed but only two of them have besen considered here.
First, the assumption of no interaction between adults of the tuwo
species was relaxed to allow interspecific density to affect adult
activity. If adult activity is hindered by the presence of adults of
the other species, then the activity rate m will be a function of
interspecific density,

m. = mx(1 - O&Ay), (5.14)
and the total number of fatal encounters bethen adults and eggs of
species x will be given by

Tx‘ =E m (1 - oA) AXZX syl - oA ) AYZ‘Y, (5.15)
The proportionate daily survival rates are again obtained by dis-
tributing the encounters per egg at random among the eggs by equation
5.13a. when this model was fitted to data, the species-specific
parameters m and £ were fixed at the values previously determined by

the single-species experiments and it was only necessary to estimats

values for the parameters o and o&.

The other modification to the null hypothesis of equation 5,12
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was that the eqggs of either species might differ in their susceptibility
to intra and interspecific adult activity, In other words, the inter-
specific rate of fatal encounters between eggs and adults was pro-
portional (rather than equal) to the rate of intraspecific encounters.
The inclusion of tuo proportionality constants (one for each species)

extended equation 5.12 to include this property:

_ Zx . ly
T, = (mxAx + pymyAy ) E. {5.16a)
Zx Zy
T = (. A A E . 5.16b
y = \AmATT 4 m AT E ( )

The proportionate constants py and px relate the intraspecific rate

of fatal encounters to an interspecific rate. Froportionate daily
survival of eggs of the two species was again found by substituting

Tx or IZ into equation 5.13a2 with the appropriate egg densities Ex

or El. As before, when fitting this model to data it was only

necessary to estimate values for the parameters ﬁg.and.fl' Neither of
these modifications provided a better prediction than equation 5.12
of the data on egg mortality from mixed species experiments and con-
sequently the null hypothesis model was used in the two-species
simulation model.

The larval submodel may also be extended to allow for interspecific

competition. In chapter 4 (eguation 4.25) the daily proportionate

survival of the larval stages in Callosobruchus was defined by the

stage specific density dependent functions hi(Di)
-1
hi(Di) = (1 + Di) (5.17)

wvhere Di was the effective total density of competitoers acting on

stage i and represented the total density of all larval stages weighted
by their intraspecific interstage competition coefficients:

D. = a.x, + Z O X . (5.17)
i i"i e i
gt
Here xi represents the number of .competitiors present in stage i and

jl the number of competitors in the other stages., The parameters a,
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Q, ; are the density dependent coefficients for intra and interstage
competition respectively, as discussed on page 115 .
The affect of interspecific density on the total number of com-
petitors is considered in the same way by letting Di consist of a

weighted sum of individuals in all stages of both species:

D, = a.,x; + 2, O X + > B Yo (5.19)
i i%i S i S 1
The density of competitors »s now composed of the effective densities
of the larval stages of species x and y. The parameters .. are the
- 13
interspecific interstage competition coefficients relating the density
of stage j of species y to the density of stage i of species x. These
parameters are on an absclute scale of density as for the intraspecific
parameters &, . discussed on page 116 .
—1]

These modifications complete the changes to the single-species
simulation model necessary for the inclusion of interspecific competi-
tion and we now turn to the parameter estimations. All the parameters
are estimated, as before, by finding the values which minimize the sum
of squared differences betwsen model predictions and observed results,

The significance of the estimated parameters is also judged as before

by considering the ratio of mean squares discussed on page 121 ,

5.3.2 Experimental results

In order to investigate the effect of interspecific egg density
on fecundity, five large plastic boxes containing a single layer of
cowpeas and various numbers of adults were set up for both species
(a total of 10 oviposition chambers), After 24 hours the adults were
removed, 20 sets of 3.7g of beans wuere taken from each chamber and
the total number of eggs in each set were counted. Pairs of 0-23%
hour old adults of either C. chinensis or C. maculatus were then placed

in small plastic dishes containiﬁg one of the sets of beans bearing
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eggs of the other species., The dishes were kept at SOOC, 70% relative
humidity until the adults had died and any subsequent ovipaosition by
the adult pairs was scored. The results of this experiment are shoun
in figure 5.7. 1t is clear that the fitted models of equation 5.9
(solid lines) provide better descriptions of the data in both species
than the models with no interspecific response (broken line). The
estimated values of the competition coefficients _7 _are given for
both species in table 5.3; both of these estimates had significance
of p <,001 and were included in the two species oviposition submodel.
The affects of interspecific adult density on fecundity were
investigated using the experimental results on total fecundity at
various mixed adult densities (see page 204 ), which were reanalysed
using the simulation oviposition submodel. The data of figure 5.2 are
presented again in figure 5.8 together with the predictions of this
model (equation 5.9) for both species. The earlier impression that
C. chinensis was more affected by interspecific densities than C.
maculatus is reinforced by the predictions given herej houwever, the
description of the C. chinensis data was again characterized by over-
estimates of fecundity at louw C. maculatus densities and underestimates
of fecundity at high densities., The estimates of the competition co-
efficients li_ are also given in table 5.3 and the larger value for
C. chinénsis emphasizes the higher sensitivity of this species to
interspecific competition. uwhen fitting the model to the data the
parameters were considered in a stepwise manner., The initial inclusion
of the coefficient guantifying the effect of C. maculatus or C. chinensis
(—fix) significantly reduced the residual sum of squares with p<,.001

and the subsequent inclusion of ;3x further reduced the residual sum

of squares with p <.01. The estimated values for both parameters were

included in the model.
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FIGURE 5.7 The effect of interspecific egg density on
fecundity in (a) C. chinensis and (b) C. maculatus. Ihe
broken lines indicate the predictions of the oviposition
submodel when no interspecific effects are considered.
fhe solid lines give the predictions of the fitted model

of equation 5.9 uwith the parameter values of table 5.3,
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TABLE 5.3 The interspecific competition coefficients of egg and
adult density estimated from the oviposition submodel
of equations 5.0 and 5.0,

L. chinensis L. maculatus
egg density, Y 1.46542 0.412759

adult density, £ 21.8015 0.338288
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FIGURL 5.8 The oviposition by adults of the two species
at different combinations of density as predicted by the
oviposition submodel. (a) C. chinensis. (b) C. maculatus.
The solid lines were obtained by fitting the oviposition
submodel with equation 5.l0 to the data. |he fitted values
of the parameters ~§__ are given in table 5.,3. The symbols
identify the observed results as in the legend of figure

5.2,
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The data on the tatal number of hatched eggs recorded in the
single~-generation mixed species experiment were used to investigate
the effects of interspecific adult activity on egg mortality. As was
previously noted, however, no significant improvement in the residual
sum of squares provided by the null hypothesis model of equation 5.12
was obtained by fitting either of the alternate models to the data,
Consequently, equation 5.12 was used in the oviposition submodel,

The observed and predicted numbers of hatched eggs at various combina-
tions of adult densities are given for both species in figure 5.9.
Once again there is systematic error in the predicted densities of
hatched eggs of C. chinensis which resulted from the previously dis-
cussed imprecision of the total fecundity predictions; at lbu.E.
maculatus densities the number of hatched egqgs was overestimated

while at high densities the number of hatched eggs was underestimated,
The predictions for the number of C. maculatus eggs hatching at
various densities, howsver, agreed well with the observed results.

The design of the experiment for investigating interspecific
interstage larval competition was the same as that used fog s tudying
intraspecific competition discussed on page 119 ., Two cohorts of
individuals were initiated in a single set of beans for every
combination of stages studied by permitting adults to oviposit on
the beans at different times. For some interactions the first cohort
was of C. maculatus; for others it was of L. chinensis. The ovi-
position initiating the first cohort occurred on day zero and the
timing of the second oviposition was determined by the difference in
the sampling day of the two stages of interest, as before. The number
of hatched eggs of each cohort was recorded for every bean and on the
appropriate day the beans uere dissected and the npmber of survivors

from gach cohort were scored. The details of the timings of the second
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FIGURE 5.9 The number of hatched eggs arising from
different combinations of adult density as predicted by
the oviposition submodel. The symbols identify the
observed results as given in the legend of figure 5.3.

See text for discussion.
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ovipositions and sampling are given in table 5.4.

The analysis of these data was accomplished in the same manner
as for the intraspecific studies (see page 125). The interactians
between the stages were considered in steps, as before, and the order
in which the interactions were analysed is also given in table 5.4.
The significance of each estimated competition coefficient was deter-
mined from the mean square ratio of equation 4.28 and by examining
the residuals., Estimated parameter values were only included in the
submodel if they wers judged significant with p <.01 and they contributed
to an improved distribution of residuals,

The results of these analyses are presented in table 5,5, Two
matrices of competition coefficients were estimated, one which quanti-~
fied the effect of the immature stages of C. maculatus on those of
L. chinensis and one which quantified the reciprocal effects. Con-
sidering first the effects on C. chinensis (table 5.5a) it is clear
that interspecific campetition was having a significant impact on
their survival, particularly in the case of L. maculatus fourth instar
larvae, where large interactions were found with every C. chinensis
stage except second instar larvae and pre-emergent adults. The
reciprocal effects were in general smaller, and it is nofeuurthy that
only one significant interaction {fourth instars effecting pupas) was
found between individuals of L. maculatus and C, chinensis individuals
of equal or later stages. In at least the first instar of both species,
the increasing effects of the successively larger stages is evident.
The two particularly large estimates of competition coefficients
between C. chinensis pupae and C. maculatus first instar larvae and
between C. maculatus adults and C. chinensis first instar larvae were
probably inflated by the extremely low survival of the first instar
larvae in both cases. Nonetheless, their estimated values were un-

changed when the matrices were used in the simulation studies presented



TABLE 5,4 The days of the second oviposition and sampling of the interspecific larval competi-
tion experiment, The entry step into the analysis and the number of beans sampled
{in parentheses) are also given.

Stages involved First oviposition by C. maculatus First oviposition by C. chinensis
Day of second Day of Entry step Day of second Day of Entry step
oviposition sampling into analysis oviposition sampling into analysis
First vs First 1 7 1(20)
Second ys First 4 10 2(13) 1 8 3(19)
Second vs Second 2 10 4(19)
Third ys First 6 12 5(17) 3 10 6(18)
ihird vs Second 4 12 7(15) 0 10 8(18)
Third vs Third 2 12 9(16)
Fourth vs First 10 16 10(18) 7 14 11(19)
Fourth vs Second 8 16 12(14) 4 14 13(17)
Fourth vs Third 6 16 14(20) 2 14 15(18)
Fourth vs Fourth 2 16 16(19)
rupae vs First 15 21 17(19) 12 19 .18(18)
Pupae vs Second 13 21 19(20) 9 19 20(19)
Pupae ys Third 11 21 21(19) 7 19 22(20)
Fupae vs Fourth 7 21 23(20) 3 19 24(19)
Pupae vs Pupae 2 21 25(17) :
Adult vs First 18 24 26(18) 15 22 27(20)
Adult vs Second 16 24 28(19) 12 22 29(19)
Adult vs Third 14 24 30(17) 10 22 31(17)
Adult vs Fourth 10 24 32(19) 6 22 33(20)
Adult vs Pupae 5 24 34(18) 1 22 35(19)
Adult vs Adult 2 24 36(14)

cee




TABLE 5,5

The summary of analysis of the results of the larval competition experiment,
Values marked with (*) had significance of p <.01;

had significance of p <.001,

(a) C. chinensis

those marked with (%*)
See text for discussion,

Stage of

C. chinensis

Stage of C. maculatus

First Second Third . Fourth Pupae Adults in pea
First 0.00 0.01687%* 0.02799%% 0.05812%% 0.07810**%  0.4566%*
Second 0.01396%% 0.00 0,00 0,00 0.00 0,00
Third 0.00 0.00 0.03085* 0.1273*% 0,06996% 0.c0
Fourth 0.00 0.00 0.00 0.,05495%* 0.00 0.00
Pupae 0.00 0.00 0.00 0.09623%~ 0.00 0,00
Adults
in. pea 0.00 0.00 0.00 0.00 0.00 0.00
(b) C. maculatus
gtachgiatus Stage of C. chinensis
= — First Second Third Fourth Hupae Adults in pea
First 0.00 0.005729%* 0.00 0,08171%* 0,3315%% 0.08203%*%
Second 0.00 0.00 .00 0.00 0.00 0.00
Third 0,00 0.00 0,00 0,07771%% 0.00 0.00
Fourth 0.00 0.00 0.00 0.00 0.00 0.00
Pupae 0.00 0.00 0.00 0.02247%* 0.00 0.00
ndults
in pea 0.00 0.00 0.00 0.00 0.00 0,00

ez
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in the next sectiaon.

Tuo examples of how the proportionate survival of the second
cohort of individuals was affected by interspecific intarstage com-
petition are shoun in figure 5.10. The examples shoun are for the
interactions between fourth and first instar larvae. The proportion-
ate survival of first instar is plotted against the initial number
of hatched eggs of the cohort which represents the fourth instar
larvae. The steeper relationship in figure 5.9b reflects the combined
effect of the larger competition coefficient (table 5.5b) and the

higher per bean density of L. chinensis than of C. maculatus fourth

instar larvae.

5.3.3 Simulation results

The simulation meodel, in contrast to the simpler models discussed
above, predicts the inevitable extinction of C. maculatus. This is
due to differences in the preimaginal developmental period of the
tuo species. Since C. chinensis individuals developed approximately
three days faster than L. maculatus individuals, their progeny gained
a three day temporal advantage each generation over C. maculatus
progeny, This resulted in the older larvae of C. chinensis outcompet-
ing the younger larvae of C. maculatus and eventually resulted in
exclusion of C. maculatus. This result was obtained irrespective of
the inifial density or compesition of the two populations and even a
C. maculatus population at equilibrium was eventually excluded by a
small initial invasion of C. chinensis.

The dynamic properties of the two-species simulation model may
be mare fully understood by cansidering the behaviour of the zero-
growth isoclines fer the two species., For the simple models of the

previous section a single pair of isoclines completely determined
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FIGURE 5.10 lhe effect of interspecific larval competi-
tion on survival of the later cohort. The data are for
(a) C. chinensis first instar larvae competing with C.
maculatus fourths and (b) c. ma;ulatus first instar larvae
competing with C. chinensis fourths. The solid line
indicates the survival predicted by the larval submodel
when interstage competition is included.. See text for

discussion,
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their properties. However, because of the constantly changing temporal
advantage given to C. chinensis, the zero-growth isoclines for the
simulation model were not constant but varied in shape as the popula-
tions developed. The forms for these isoclines depend somewhat on houw
the populations are initialized. In all of the examples presented

here adults of both species were introduced together on the first

day of the simulation,

Four sets of zero-growth isoclines for adult populations are
shown in figure 5.11. 1lhese isoclines define positions where popula-
tions initiated at the first generation will have returned to by
either the second (figure 5.11a), third (figure 5.11a), sixth (figure
5.11¢) or eighth (figure 5.11d) generation. The shapes of the one-
generation isoclines in figure 5.1%1a are similiar to that defined
by the simple two age-class model (see figure 5.5b) and indicate the
competitive superiority of C. maculatus. The tuo-generation isoclines
in figure 5.11b are slightly more expanded, particularly for C. maculatus.
This indicates the presence of some overcompensation in the density
dependent processes determining population growth since populations
started at higher densities than in figure 5.11a will decrease in the
first generation and susequently increase to their original value.
However, at low initial C. maculatus densities the temporal advantage
of the second L. chinensis generation has reduced the success of the
L. maculatus population, and zero-growth for C. maculatus now only
occurs at much lower initial C. chinensis densities. This displace-
ment of the C. maculatus isocline is identified by the region A in
figure 5.11b.

As population growth continues the temporal advantage of C.
chinensis has an incréasing impact on C. maculatus. By the sixth

generation the region where an initial C. maculatus population would
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FIGURE 5.11 The changes in the zero-growth isoclines

of the simulation maodel as time progresses from the

initial simultaneous initiation of the populations. The
changes are due to the differences in developmental period
of the tuo species. In (a) the isoclines indicate paositions
of zero growth between the first and second generations

and clearly indicate the competitive advantage of C.
maculatus. In (b) the lines indicate positions of no

change between paopulation densities in the first and third
generations., The region A indicates densities where the
secand generation of L. chinensis, due to its temporal
advantage, is causing substantial losses to the larval
population of C. maculatus. (c) The isoclines for na
population change between generations one and six. The
region of positive growth for C. maculatus has been consider-
ably reduced while that for C. chinensis has increased,. (d)

The isoclines for no papulation change between generations

one and eight. The region of positive growth for C. maculatus

has been further reduced and the region far positive grouwth
of C. chinensis continues te increase. For further dis-

cussion see text.
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have increased is much reduced. Initial C. chinensis densities of
more than about 50 adults would have caused the decrease of any initial
C. maculatus population, By the eighth gensration the inevitable ocut-
come of competition is clear --- the region where initial population
densities would permit growth of C. maculatus is decreasing and the
region where growth aof C. chinensis is possible is increasing., Event-
ually the phase space will contain only a single vertical isccline
(positioned at the L. chinensis equilibrium) dividing the space into
regions where an initial population of L. chinensis would either
increase or decrease; there will be no region where populations of
C. maculatus might increase. Thus it is clear that the single-species
equilibrium of C. maculatus is an unstable point and any introduction
of C. chinensis into the system results in the extinction of L. maculatus.
These considerations of how zero-growth iscclines alter during
the course of population growth have defined more clearly the cause
of the predicted extinction of C. maculatus, that is the temporal
advantage gained by L. chinensis due to quicker development. However,
these predictions consider the populations of these species to be
infinitely divisible, and during the initial phase of population
growth the competitive superiority of C. maculatus adults may reduce
the population of C. chinensis to a very low level. This is more
easily appreciated with reference to the particular example in figure
5.12. The competitive superiority of C. maculatus supressed the
growth of C. chinensis for several generations and for two genera-
tions the predicted density of C. chinensis adults is less than 0,06
per bean. At these extremely low levels chance events might easily
cause the extinction of C. chinensis. Consequently it is unclear how
the results of long-term validation experiments might be interpreted

since the model's predictions might be viewed as indicating the



242

FIGURE 5.12 The population trajectories of C. chinensis
(O) and C. maculatus (@) predicted by the simulation model
.(a) The population trajectories through time. Note the
low population dansities of L. chinensis in generations
two through five. (b) The population trajectories in the
phase space of species density., The numbers correspond

to generations. See text for discussion.
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possible extinction of either species. 0One passible approach would
be to initiate cultures with different combinations of densities of
the two species and hence investigats the grouth of populations in

different regions of the phase space. Such work is in progress (Dr.

M., P. Hassell, personal communicaticn) and will be reported elseuwhere,

S.4 Conclusians

The two approaches taken to constructing tuo-species population
models yeilded apparently contradictory predictions of the outcome of
interspecific compétition in the two species studied. The simple
models predicted an unstable two-species equilibrium and indicated the
competitive superiority of C. maculatus, primarily due to competition
in the adult stage. The simulation model, however, predicted that
no tuo-species equilibrium existed and, in addition, that any competi-
tive interaction would result in the extinction of C. maculatus. This
difference arase because aof the different developmental periods for
the two-species in the simulation model, whereas the simple maodels
have the implicit assumptieon of equal generation times.

Finally, in the simulation mocdel the competitive superiority of
C. maculatus in the adult stage was capable of causing severe reduction
in the growth aof C. chinensis populations for several generations.
At these very low levels chance events might cause the extinction of
C. chinensis, and in a stochastic environment there may be in practice

two stable points corresponding to the two single-species equilibria,
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Chapter VI. PARASITISM,

6.1 Introduction

One of the most fundamental relétionships between coexisting
insect populations is that between a host and its parasitoids. Such
interactions are common in natural communities, as is evidenced by
the enormous number of parasitoid species, and are of further importance
in agricultural systems where they have played a major role in con-
trolling pest infestations. The widespread importance of these inter-
actions hés led to them recieving considerable attention in the
modelling literature (see Hassell (1978) for a review). Houwever,
examples where models have been constructed for a particular system,
such as those for the winter moth by Varley & Gradwell (1968) and
Hassell (1977) or for laboratory systems (e.g. Hassell & Huffaker 1969;
Benson 1974; Podoler 1974), are relatively feu. In these models the
interactions between the parasitoid and the host populations have been
considered on a relatively simple basis, usually described by a
single equation with few parameters. Even in more complex simula-
tion models such interactions have usually been given little attention.,
Stinner, Rabb & Bradley (1974) considered parasitism as a seasonal
average mortality in their model for Heliothis species; Sasaba,
Kiritani & Urabe (1973) included only a simple functional response
for spider predation of the green rice leafhopper. Auslander, Uster
& Huffaker (1974}, however, have considered parasitism in more detail
by including age-class interactions between the host and the para-

sitoid populations.
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TABLE 6.1 Host records for Lariophagus distinquendus,

Host species

Authors

Coleoptera

Anobiidae:
Lasioderma serricorne

tegobium paneceun

Nicobium schneideri Reitt.

Bestrichidae:

Rhyzopertha daominica

Bruchidae:

Bruchus brachialis Fahraeus

Callosabruchus chinensis

Callosobruchus maculatus

Curculionidae:

Sitophilus granarius (L.)

Sitophilus oryzae (L.)

Ptinidae:

Gibbium psylloides Czemp.

Ptinus fur (L.)

Ptinus tectus Boield,

Hymenoptera

Ichneumonidae:

Nemeritus canescens Grav.

Braconidae:

Habrabracon juglandis Ashm,

Lever (1941)

Rushka (1921), Pechuman (1937),
Kaschef (1955), van den Assem
(1970)

Parfent'ev (1952)

Goodrich (1921), Herdman(1921),
Potter (1935), Kaschef {1959a),
Frilli (1965)

Pinckney (1937)
this study
this study

Hase (1920), Schulz (1920),
Goedrich (1921), Herdman (1921),
Ruschka (1921), Romanova &
Il'inskaya (1938), Kaschef
(1959a)

Lotton (1920,, Goadrich(1921)
Herdman (1921), Ruschka (1921),
Romanova & Il'inskaya (1938),
Kaschef (1959a), Gonen & Kugler
(1970)

kaschef (1961)

Husing (1935)
kaschaf (1959a)

Voinovskaya-Kriger (1927)

Hase (1924)
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TABLE 6.2 Location records for Lariophagus distinguendus.
Country Authors

Egypt Kaschef (1961)

Fiji Lever (1941)

France Kaschef (1955)

Germany Hase (1920), Schulz (1920)

Great Britain
Israel

Italy
Netherlands
U.S.A.
U.5.5.R.

Ruschka(1921)

Goodrich (1921), Herdman (1921)
Gonen & Kugler (1970)

Frilli (1965)

van den Assem (1970)

Pechuman (1937), Pinckney (1937)

Voinovskaya-Kriger (1927),
Raomanova & Il'inskaya (1938)
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In this chapter, a detailed simulation model for Lariaphagus

distinquendus Férst, a hymenopterous parasitoid of Callosobruchus,

will be developed. Special attention will be given to the effects of
the host stage parasitized on larval development period and adult
fecundity and longevity, and some factors affecting the oviposition
rate of the adults will also be considered. Finally, the consequences
of including the parasitoid model in the previously developed simula-

tion models will be investigated.

6.2 The biology of Lariophagus distinguendus

The strain of L. distinguendus used in this study was obtained
from Dr. J. van den Assem of the Zoologisch Laboratorium, Ryksuniversiteit
te Leiden, Leiden, the Netherlands and was reared on larvae of C. maculatus

As Callosobruchus had not been previously recorded as a host of L.

distinquendus it was necessary to investigate the details of their

relationship before a model could be developad. 1In this section a

brief reviéu of the literature on L. distinguendus will be presented.

This is followed by some experimental results which outline the effects
of host age on parasitoid preimaginal development, adult longevity and
fecundity., Experiments dealing with its searching behaviour are pre-
sented in the next section.

Lariophagus distinguendus is a pteromalid parasitoid which attacks

a wide range of hosts (table 6.1) and is cosmopolitan in distribution
(table 6.2). There has apparently been little confusion over its
taxonomic position; some of the early synonomy is given by Ruschka
(1921). Although the adult males live only a few days, the females
are long lived (about 15 days at ZSOC, Kaschef 1955; Gonen & Kugler
1970) and continually mature eggs throughout their life. The females

are arhennotokous and capable of controlling the sex of their progeny
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{van den Assem 1971)., They are attracted to foodstuffs in which hosts
are developing and locate the host larvae by odour(Kaschef 1959b).
After a suitable haost has been found it is paralysed and the females
then feed on the host haemolymph. Although this has not been reported
in the literature it has been observed repeatedly in this study. It
is not known whether a feeding tube is constructed as observed by

Fulton (1933) for the pteromalid Habrocytus cerealella Ashm, UWhen

Callosobruchus fourth instar larvae are fed upon (no observations uere

made on other stages), the host haemolymph exudes through the hole in
the seed testa made by the parasitoid's ovipositor. The females then
feed on this fluid; males have not been observed to feed. After a
host has been paralysed an egg may be laid on it, althaough some hosts
are attacked (and probably fed upon) without being parasitized. The
fecundity of this species varies between 50 and 150 eggs per female
(Kaschef 1959a; Gonen & Kugler 1970). Usually only one egg is laid
on a host (Kaschef 1959a; van den Assem 1970), although two progeny
may develop from a single larvae of some host species (van den Assem
1970). Preimaginal development requires approximately 19 days at
25°C (Kaschef 1955; Gonen & Kugler 1970). Kaschef (1955} has given
a thorough account of the development and morphology of the preimaginal
and adult stages. The mating behaviour has also been discussed by
Kaschef (1955) and by van den Assem {1970}.

In order to investigate the effects of hast stage on parasitoid
development, it was necessary to obtain host cultures of known ages.
To do this, adults. of C. chinensis and L. maculatus were alloued to
oviposit on couwpeas for 24 hours. The coupeas bearing the eggs were
kept at SOOC, 70% relative humidity. This procedure was maintained
daily and thus provided a regular series of host cultures of knoun age.

The ages of the cultures which corresponded to the maximum presence
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of the different stages was determined in chapter 4 (see page 158)

and are given in table 6.3. Table 6.3 also gives the mean fresh

weights of third and fourth instar larvae and pupae of the specified
ages. These were obtained by weighing 10 individuals of each stage
separately on a milligram balance except in the case of the third instar
larvae where 10 individuals were weighed together. Ten pupae of each

sex were weighed. Cultures of L. distinguendus were also maintained

by providing adult parasitoids with cowpeas containing 16 day old
(fourth instar) C. maculatus for 24 hours. Parasitoids reared in this
vay uere used for most of the experimental work reported here and will
be referred to as standard parasitoids.

In an experiment designed to elicidate host stage effects on
parasitoid development, haost cultures of the various ages in table 6.3
(and one L. chinensis of 1B days) were exposed for 24 hours to para-
sitoids taken from general stock cultures. These parasitized cultures
vere then kept at 3DDC, 70% relative humidity for 27 days and any
parasitoids emerging were removed daily, Additional cultures of first
and second instar larvae of both species were exposed to 24 hours of
oviposition, and after three days beans from these cultures were
dissected to determine the extent of the parasitoid attack. During
the period of parasitoid adult emergence, 0-24 hour old adults were
collected from each of these cultures and sets of one female and tuo
males were placed in small plastic dishes 3.5cm in diameter and 4,0
cm high. These adults were provided daily with several beans from a
16 day old C. maculatus culture until they died, The beans on which
they had oviposited were then dissected and the number of eggs laid
each day uere scored. After the adults had died the length of one of
their hind tibia and the maximum frontal width of the head was measured
under a dissecting microscope. These measurements were also taken for

other individuals emerging from the parasitized cultures and some 0-24



TABLE 6.3 The age (in days) of
the maximum presence
chinensis and (b) C.
with a 24 hour pulse
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maculatus.
of eggs.

host cultures which corresponds to
of the immature stages of (a) C.
Cultures were started
mezans and standard

deviations of the fresh weights of the later stages are
also given.

Stage Age (days) Fresh weight (mg)
(a) C. chinensis

First instar 5 ———

Second instar 7 ———

Third instar 9 0.51

fFourth instar 13 7.00 - 1,15

Pupae (males) 17 5.71 £ 0.74
19 5.18 £ 0.75

Hupae (females) 17 5.51 + 0.82
19 5.34 £ 0.78

Pupae (pooled) 17 5,61 =~ 0,77
19 5.26 £ 0.75

(b) C. maculatus

First instar 6 ——

Second instar 9 —

Third instar 11 0.7

Fourth instar 16 9.34 £ 1,90

Pupae (males) 19 5.38 L g.55
21 4.83  0.56

Pupae (females) 19 7.24 ¥ 1,19
21 7.16 Z 0.95

Pupae (pooled) 19 6.31 I 1.31
21 6.00 ¥ 1,41
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hour old females uwere dissected to determine the number of ovarian
eggs present at emergence. In a final experiment a large number of
0-24 o0ld standard parasitoids were placed in three plastic dishes 10
cm in diameter and 4,0 c¢m high and were provided daily with either
16 day old C. maculatus (fourth instar), 11 day old C. maculatus
(third instar) or no hosts., The numbers of living females in each
dish was recorded daily. Two addition dishes containing standard
parasitoids and either 16 day old L. maculatus or no haosts were set
up and approximately 10 females from each dish were dissected daily
to determine the number of ovarian eggs.

The first larval instar of neither host species was attacked.
Although the second instar of both species was readily attacked, ovi-
position on this stage was relatively uncommon and only 9% of the
attacked hosts were parasitized. 1In addition, no progeny ever emerged
from beans containing second instar hosts. The third instar was
readily parasitized but the progeny reared from this stage were pre-
dominantly male (only tuo of the 240 progeny uere female). Van den
Assem (1971) has observed that predominantly male progeny are reared

from small Sitophilus granarius larvae and has concluded that this

indicates regulation of the sex of the progeny by the adult females,
Presumably, unfertilized eggs are laid on smaller hosts because of
the smallef larval food supply required to produce successful male
progeny. Male and female parasitoids were reared from fourth instar
larvae and pupae of both hosts,

The developmental period of male and female parasitoids reared
on the various host stages are presented in figure 6.1. The develop-
mental period of the sexes was similar on all the haost stages; males
appesared one day before the females and their peak emergence was one
day earlier than that of the females. This is in contrast to the

findings of van den Assem (1971), who found development on the smaller
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FIGURE 6.1 The proportion of the total L. distinguendus

emerging at different times from cultures started with a
24 hour period of oviposition., Solid circles indicate
males; hollow circles indicate females. The host stages
used were (a) C. chinensis third instar (9 day old) larvae
(2 total of 191 males and no females emerged), (b) C.
maculatus third instar (11 day old) larvae (47 males, 2
females), (c) C. chinensis fourth instar (13 day old)
larvae (256 males, 111 females;, (d) L. maculatus fourth
instar (16 day old) larvae (58 males, 87 females), (e) C.
chinensis (18 day old) pupae (123 males, 121 females) and

(f) C. maculatus (21 day old) pupae (34 males, 30 females).
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o S. %m\r\qrms
stageskto be slightly faster. The developmental period appeared in

general to be well defined and unimodal, although the data from C.
chinensis fourth instar larvae (figure 6.7c) possibly indicate a more
complex situation. Finally it should be noted that, since the age
and density of the adults initiating these cultures uas variable, no
conclusion may be drawn about progeny sex ratio from these data.

Before continuing to discuss the effect of host stage on para-
sitoid development it is convenient here to note that head capsule
width and hind tibia length were highly correlated over the entire
range of observations available (figure 6.2). Consequently future
consideration of adult size will be made with reference only to head
capsule width,

Figure 6.3 shows the relationship between the mean fresh weight
of the stage parasitized and the size of the parasitoid progeny.
Although there was considerable difference in the size of parasitoids
reared on third instar larvae and those reared on fourths, there uas
very little difference between those reared on fourths and pupae,

The effects of this host-mediated variation in size is to produce
females which vary considerably in their reproductive potential (see
also van den Assem 1971). Larger females lived longer (figure 6.4),
had higher total fecundity (figure 6.5a) and laid more eggs per day in
the early ﬁart of their life (figure 6.5b) than smaller females. 1in
addition it appears that smaller females may have had fewer ovarian
eggs at émergence (figure 6.6) although more data are required to
establish this clearly. Van den Assem (1971) has reported similar
results and also noted that small males were as capable of copulating
with large females as large males.

Host feeding played an important role in determining female

longevity. Standard females provided with fourth instar C. maculatus
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FIGURE 6.2 The relationship between head width and

hind tibia length in L. distingquendus for (a) males

and (b) females, Hollow arcles indicgte repedled ?dﬁh'
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FIGURE 6.3 The effect of the host stage parasitized on
parasitoid size., The marked positions on the abcissa
correspond to the mean fresh weights given in table 6.3

for C. chinensis third instar larvae (c3), fourth instar

larvae (c4) and pupae (cP) and similarly for C. maculatus

(m3, m4, mp). Hollow arcles ave females; sahid cweles are males.

Data %I\IQV\ as wnean * standard devidfion.
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FIGURE 6.4 The relationship between adult female para-~
sitoid size and life-span. Hollow circles indicate

repeated points.
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FIGURE 6.5 The relationships between female parasitoid
size and two measures of fecundity, (a) total number of
eggs laid throughout 1ife and (b) the mean number of
eggs laid per day for females aged 1-3 days (before any
of the females had died). The hollow circle in (a)

indicates a repeated point.
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FIGURE 6.6 The relationship betuween parasitoid size
and the number of ovarian eggs present on the day of

emergence, Hollou circles indicate repeated points.
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had a longer life-span than those confined with third instars {figure
6.7a), This was probabiy due to the inability to feed effectively

on smaller larvae which were not as near the surface of the bean as

the larger ones. Females confined with no hosts had initially higher
survival rates than those provided with hosts, but after day five

they were subject to higher mortalities. Females which had been pro-
vided with fourth instar C. maculatus maintained a more or less constant
number of ovarian eggs follouwing the first day after emergence (figure
6.7b); starved females began oosorption after day two and apparently
continued to resorb eggs until they died.

The oviposition record of standard females provided with excess
fourth instar C. maculatus is shown in figure 6.8 (mean of five females).
These females maintained a reasonably constant oviposition rate of
approximately 7% eggs per day for the first six days of life, after
which fewer eggs were laid. Based on the information in figure 6.7b
and figure 6.8 it was decided to use standard females collected over
a 24 hour period which had been provided excess fourth instar C.
maculatus for 48 hours (i.e. three. day old females) in the experiments

on searching behaviour reported in the next section,

6.3 A simulation model for parasitism

The general frameuwork for theiptasitoid simulation model will be
the same as that used previously for the single-species simulation
models of chapter 4. The model will employ a discrete time step of
one day and will consist of a set of recursive relationships which
will define the size and composition of the population at time t as
a function of that at time t-1. As before, two submodels will be
developed, one for the adult and one for the immature stages. The

immature stages will be characterized by a single "larval" stage and
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FIGURE 6.7 The effect of host availability on (a)

female parasitoid longevity and (b) the number of gvarian

eggs present each day, Hollow circles are for Temales kept
with no hosts, half-open circles are for females provided
with third instar C. maculatus larvae and solid circles

are for females provided with fourth instar C. maculatus
larvae, In (a) the numbers of females kept with no hosts,
third and fourth instar larvae vere 55, 33 and 62, respective-
ly. The data in (b) for starved females six days old uwere
taken from females which died between the fifth and sixth

days. Ddla w (H)%wen as mean t sfandard dewidfion.
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FIGURE 6.8 The oviposition record of five standard

L. distinquendus females provided with excess hosts. The

data are given as the mean ? standard deviation of the
oviposition of living females. Females died on days nine

(one replicate was also lost on day nine), 10, 13 and 14.
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the larval submodel will predict the number of larvae emerging as
adults during each time\step. The adult submodel will determine adult
parasitoid mortality, recruitment to the larval stage (oviposition)
and parasitoid-caused host mortality. The next two sections develop
in detail the formulae used and, where appropriate, present data from
which values for the necessary parameters uwere estimated. The larval

submodel will be treated first.

6.3.1 The larval population submodel

During preimaginal development, L. distinguendus passes through

an egg stage, larval feeding stages and a pupal stage. Furthermore,
the adults spend a short time within the bean before emerging. It
is possible to develop a model which accounts for each of these stages.
However, there was no need to consider interactions between the immature
stages and consequently development from egg to adult was considered
as a single event. The object of this submodel is to predict adult
emergence, and the approach taken in chapter 4 for modelling larval
development is-apprOpriate. This involves two recursive equations
which define the fate of a cohort of larvae during the time interval
t:
P(t) = G(t) x(t-1), (6.1a)

X(t) = sx(t-1) (1 - c(t)). (6.1b)
Here X(t-1) is the number of larvae in the cohort at the beginning
of the interval, G(t) is the value of the conditional probability
distribution for development for a cohort aged t, s is the proportion-
ate daily larval survival and fLLEl is the number of adults emerging
at time t. Equation 6.1a determines adult recruitment, while equation
6.1b accounts for losses due to mortality and development in the larval

cohort, To predict the number of adults emerging at any time t it is
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ofly necessary to apply equation 6.1 to all the larval cohorts of
various ages present,
The use of equation 6.1 requires values for the distribution G
and the survival parameter s. It may be recalled that the distribution
G is determined by the developmental period distribution f (see page
109 ):
t=1
G(t) = £F(t) / (1 = 3 f(k)). (6.2)

k=0

As discussed in the previous section, the developmental period of L.

distinguendus is nearly independent of the host stage parasitized.

Furthermore, although males developed slightly faster than females,

it was only necessary to use one developmental distribution since

adult emergence is only of interest for those individuals which con-

tribute to parasitoid reproduction (i.e. females). Consequently only

one distribution was used in the model., The data selected for analysis
of females

were for emergenceAfrom fourth instar C. maculatus.. The formula used

for the developmental distribution f was the previously discussed

model of Sharpe et al. (1977) of eguation 4,22, The data were fitted

to the model by minimizing the sum of squared differences between

observed and expected results as before (see page 120 )., The fitted

model described the data very well (figure 6.9a). The estimated values

for the mean and variance of the developmental rate are given in the

figure legend.

Estimating the value for the larval survival rate s was more
difficult. Since development occurs within the bean, direct observa-
tions on individual survival was not possible. A sequential sampling
programme such as that used in chapter 4 for the construction of

life-~-tables for the Callosobruchus species was possible but was not

undertaken, The reason for this was that of more than 3900 parasitized
and attacked hosts examined during this study no unhatched egg or a

dead larva or pupa of the parasitoid was observed. It is unclear
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FIGURE 6.9 The parasitoid model requires a larval
developmental period (a) and a distribution of adult
life-span (b}, The data selected for analysis in (a)

are for emergence of females reared on fourth instar

L. maculatus, Fitting the developmental period dis-
tribution model (equation 4.22) to these data yeilded a
mean developmental rate ( M ) of 0.073488 days“1 and a
variance ( 0‘2) of 4.9543 x 10-6days ~2. The data in

(b) are for standard females provided excess fourth instar
C. maculatus. Equation 4.3 was fitted to the data yeild-
ing an estimated mean life-span of 6.4062 days with a

variance of 2.8998 daysz.
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whether this was due to a naturally high survival of the immature
stages or to the inability to locate or recognize them when they were
dead. The former seems the more likely case and the value of the s

used in the model was unity.

6.3.2 The adult population submodel

The first requirement of this submodel is to predict the number
of adults alive at time t from the initial number of adults in each
cehort present. If EﬁEl is the probability of an adult surviving to
age t then the number of adults of an initial cohort E&Ql still living
at time t (P(t)) is given by

p(t) = p(t) P(0), (6.3)
and if several cohorts are present the total number of adults alive
at time t is given by

t

p(t) = ) p(§) P(t=3). (6.4)
j=0

The model requires only one lifespan distribution for all individuals
regardless of sex or the stage from which they were reared. The data
on the life-span of standard females with excess hosts was used for
estimating the distributien p and the formula used was the discrete
form of the normal distributien of equation 4.3. The model described
the data well {(figure 6.9b); the estimated values for the mean and
variance of adult life-span are given in the figure legend.

The other requirements of this submodel are the prediction of
larval recruitment(oviposition) and parasitoid-caused host mortality.
These two events uere treated seperately since it is known that
female parasitoids may attack a host without ovipositing on it. The
host simulation model provided a daily prediction of the number of
host larvae present, se it was only necessary to introduce the functions

Vi and uy which specified the propertion of hosts in stage i which
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were parasitized and attacked, respectively. From equation 4,20,

the number of hosts present (after mortality) in stage i at time t

(Xi(t)) is

X;(t) = s;h (D;) (1 - G;(8)) X, (t=1) (6.5)

uwhere s is the density independent daily survival of stage i, hi is

a function relating density (Di) to proportionate survival, G; is the

_— —

conditional distribution of development and Xi(t-1) is the number of
individuals in the stage at the beginning of the time interval., The
number of parasitodeggs laid on stage iis vixi(t) and the number of
hosts killed is uixi(t). The size of the parasite larval cohort
appearing at time t is, therefore, the sum of viXi(t) for all the
stages parasitized. This concludes the development of the adult sub-
model.

The functions v and w, may in principle depend on a number of
factors, such as hest density (the parasitoid functional response),
host distribution (the aggregative response), stage preferences of the
parasitoids, adult parasitoid density (interference) and parasitoid
age. Only three of these factors, the functional response, inter-
ference and the effects of parasitoid age were considered here.
functional response experiments were carried out for both host species
on four stages: second, third and fourth instar larvae and pupae.
Experimenté on interference and the effect of parasitoid age on
search efficiency were done only with fourth instar C. maculatus.

In all the experiments except that dealing with parasitoidage, standard
parasitoids which had been collected over a 24 hour period and then
kept with excess fourth instar C. maculatus for 48 hours were used,
Male-female pairs were kept seperately in small plastic dishes during
the 48 hour period. In the experiment on the effects of parasitoid

age standard parasitoids collected over a 2% hour period were used,
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All experiments were carried out in large clear plastic boxes (9.0 cm
high, 27.5 em long and {5.5 cm uide)} at SUDC, 707% relative humidity
with a 16L/8D 24 hour photoperiod which started at 05600 hours.

For the experiments on the functional respognses, a single layer
of coupeas (138 g, about 570 beans) uas placed in the plastic boxes.
0f these beans either one, twa, four, eight, or 12 were replaced
with infected beans from host cultures of knoun ages. The ages of
the host cultures used are given in Table 6,3. (Cultures 18 and 20
days old were used for the pupal stage of C. chinensis and C. maculatus,
respectively). Male-female pairs of standard parasitoids were placed
in the boxes for 24 hours; all experiments were started between 03900
and 1300 hours. After the parasitoids had been removed the infected
beans were kept at the experimental conditions for a few days and then
dissected. The total number of healthy and parasitized hosts and the
total number of hosts attacked {including those parasitized) were
recorded., lhe results of these functional response experiments are
shown in figures 6.10 to 6.13.

In order to gquantify these results it was necessary to specify
a formula for the proportion of hosts parasitized or attacked. Since
the form of the results all indicated a type II functional response
an appropriate formula might be either the random parasiteidor the
random predator equation of Rogers (1972). The random predator equation
was adopted for the following reason. During the dissection of more
than 3900 parasitized or attackedhosts,only 19boré tuoparasitoids; all the
resthad only ahe. AS previously discussed, no dead eggs or larvaes of the
parasitoid were ever observed, and all of the cases of superparasitism
were observed in the late larval or pupal stage (of the parasitoid)
indicating that both indiuiduals.uould survive to the adult stage.

1t appeared, then, that the adult parasitoids could readily distinguish
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FIGURL 6.10 The functional response (scored as the

number of parasitoid eggs laid) of L. distinguendus to

L. chinensis third instar larvae (a), fourth instaer
larvae (b) and pupae (c). The random predator model of
Rogers (1972) was fitted to the data (eguatien 6.7) and

provided the estimates of a' and T, given in table 6.4.

h
(Ho“ou circles wdicate repedted po'\nsg w figures 610 To 6.15.)
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FIGURE 6,11 The functional response {scored as the

number of hosts attacked) of L. distinguendus to (. chinensis

second instar larvae (a), third instar larvae (b),
fourth instar larvae (c¢j and pupae (d). Equation 6.7 uas
fitted to the data and provided the estimates of a' and

Th given in table 6.4.

—
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parasitized from healthy hosts and did not oviposit on them, The
handling time of a healfhy host was destermined by observation to be
of the order of one hour, but much of this time was spent in host
feeding which probably would not have taken place on a parasitized
host, If the time spent in determining whether or not a host was
healthy was much smaller than the total handling time of a healthy
host then the random predator model would be more applicable for
describing the search behaviour of this species than the random para-
sitoid model. Consequently, the form of the function v (and similarly
for w) used here was (after Rogers 1972)

v=1 - exp(-a'(pTt - Thxp)) | (6.6)
where a' is the rate of encounters between the female parasitoids P
and the hosts present (the "search efficiency"), Ty

available for parasitoid search (in this case, one day), Th is the

time spent handling a host and ia,is the number of hosts parasitized.

is the total time

Equation 6.6 may be used for predicting the number of initially healthy
individuals X which are parasitized during an experiment:

X, = vX = X(1 - exp(-a' (PT, - Thxp)). (6.7)
Equation 6.7 was fitted to the data in figures 6.10 to 6.13 by minimiz-
ing the sum of squared differences between observed and predicted
results. The estimated values of the parameters a' and Th for each
of the seté of data are given in table 6.4. 1In evely case the model
described the data well,

The functional responses to different stages of L. chinensis are
shown in figures 6.10 (number of eggs laid) and figure 6.11 (number of
hosts killed)., No functional response for oviposition on seconds is
shown as too few hosts were parasitized to permit any meaningful
conclusions., The estimated values of the handling time for oviposition

this
on the different stages were quite similar (table 6.4) andkprobably
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The estimated values of the searching efficiency (a')
and handling time(Th) for L. distinguendus attacking

various stages of C. chinensis (a) and C. maculatus (b).
Two values of each parameter for each stage are given
and these apply to the number of parasitoid eggs laid
(figures 6.10 and 6.12) and the number of hosts attacked
(figures 6.11 and 6.13). The parameters estimates were

obtained by fitting equation 6.7 to the data.

Stage

Eggs laid Hosts attacked

atl T at

Th

(a) C. chinensis

Second instar —-— — 0.73896 0.056408
Third instar 0.81436 . 0.10306 2.2719 0.034747
Fourth instar 2,3897 0.11337 4.5927 0.071655
Pupae 0.81373 0.11746 2.9439 0.051963
(b) C. maculatus
Second instar —_— ——— 0. 46366 0.023079
Third instar 0.55836 0.093326 1.7234 0.056104
Fourth instar 3.7243 0.089125 7.2349 0,070338
Pupae 0.91780 0.087848 2,4012 0.050203
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indicates that the parasites were limited by the number of eggs maturing
during the experiment, ;The searching efficiency for the fourth instar
was considerably larger than for either thirds on pupae. The smaller
value for a' for the third instar clearly reflects their smaller size.
There was little difference in size between the fourth instar larvae
and pupae (table 6.3), however, so the smaller value for pupae must
reflect some other difference betueen the stages. Possibly pupae uere
not found as suitable for oviposition as fourth instar larvae, The
results for the number of host killed show more variation between
instars (figure 6.11). Considerably more third instar larvae and pupae
were killed than oviposited on as reflected by the louer estimate of

T for the number of hosts killed in these stages., The estimate of

h

;; for the number of fourth instar larvae killed was somewhat higher
than for the other stages and possibly indicates that more time was
spent host feeding on this stage. The estimated searching efficiencies
for number of hosts killed was higher than that for the number of eggs
laid for all stages. The value for the fourth instar was again higher
than for the other stages. The value for second instar larvae was
particularly low and reflects their considerably smaller size. Similiar
results were obtained for C. maculatus (figure 6,12 and 6.13; table 6.4).
Searching efficiencies were higher and handling times were lower for
number of hosts killed than for number of eggs laid., Searching
efficiency for the fourth instar was higher than for other stages.

The most striking differences betueen the parameters for the two host
species are the higher search efficiency for fourth instar larvae of

C. maculatus and the generally lower handling times for oviposition

on all stages of C. maculatus. The higher search efficiency uas

probably due to the larger size of the C. maculatus fourth instar but,

if this was the case, it is unclear uwhy searching efficiencies uere
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FIGURE 6.12 The functional response (scored as the

number of parasitoid eggs laid) of L. distinguendus to

C. maculatus third instar larvae (2), fourth instar larvae
(b) and pupae (cj. Equation 6.7 was fitted to the data
and provided the estimates of a' and Th given in table

6.4.
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FIGURL 6.13 The functional response (scored as the

number of hosts attacked) of L. distinguendus to L.

maculatus second instar larvae(a), third instar larvae
{b), fourth instar larvae (c) and pupae (d). Equation
6.7 was fitted to the data and provided the estimates of

a' and Th given in table 6.4.
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not higher for the other stages. The lower handling times possibly
reflect more rapid hos t feeding and consequently quicker maturation
of eggs on the relatively larger L. maculatus stages, thus permitting
greater oviposition during the experiment.

The experiment on the effect of adult density on searching
efficiency was also performed with a single layer of bgans in the
plastic boxes. For this experiment eight beans from each box uere
replaced with beans containing fourth instar C., maculatus. Standard
parasitoids which had emerged over a 24 hour period were collected and
either four, eight, 16 or 24 females and half as many males were placed
in each box. These parasitoids were provided with eight new infected

each day
beanskfor three days and, after a further few days, these beans were
dissected and the total number of healthy and attacked individuals
were scored. In all the results examined practically all the hosts
had been attacked and it was clear that a greater number of infected
beans wsuld have been required in order to quantify any reduction in
searching efficiency with increased parasitoid density. The experi-
ment was not repeated, however. General observations on crowded adults
searching in few beans failed to indicate any behavioural interference
and as many as 11 females were observed searching on a single bean,
Lonsequently, no dependence of searching efficiency on adult density
was included in the model.

The experiment on the effect of age on parasitoid search uas
generally designed to provide functional response data for females
of different ages, thus providing information on how the values of

the parameters a' and Th

changed with age. Pairs of newly emerged
male and female parasitoids (0-2% hours old) were collected from
standard cultures and were placed in large plastic boxes containing

a single layer of cowpeas. 1In these boxes either one, two, four,
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FIGURE 6.14  The functional responses (scored as the

number of parasitoid eggs laid) of L. distinguendus

females of different ages. The data in (a) through (i)

are for females aged zero days te eight days, respectively,
The data for females aged nine to 13 days are pooled in
(j). Equation 6.7 was fitted to each set of data and

provided the estimates of a' and Th given in table 6,5.
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FIGURE 6.15 The functional responses (scored as the

number of hosts attacked) of L. distinguendus females of

of different ages. The data in (a) through (i) are for

females aged Zero days to eight days, respectively. The
data for females aged nine to 13 days are pooled in (j).
Equation 6,7 was fitted to each set of data and provided

the estimates of a' and Th given in table 6.5.
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eight or 12 beans had been replaced with beans containing fourth instar
E. maculatus. The infected beans were replaced each day until the
parasitoids died; each female parasitoid was provided with the same
number of beans throughout her 1ife. The infected beans were later
dissected and the number of healthy, parasitized and attacked hosts
were scored. The results of this experiment are presented in figures
6.14 (number of eggs laid) and 6.15 (number of hosts killed).- Note
that the data for parasitoids aged 9-13 days were pooled in figures
6.143 and 6.15j. Equation 6.7 was fitted to each set of data in the
manner described above and estimated parameters are given in table 6.5,
Firstly, it should be noted that the values for a' for oviposition

and for the number of hosts attacked after the parasitoids had spent
two days with the hosts agreed favourably with those for C. maculatus
fourth instar larvae given in table 6.4. Secondly, the values for

Th were higher than those in table 6.4 indicating that female para-

sitoids searching for hosts in the large boxes matured fewer eggs per
day than those offered excess hosts in smaller containers. With the
exception of the data for day seven, the values for a' were highest

on about the third day of adult life and showed a general decline
afterwards (figure 6.16). The values for Th were smallest around the
third day, remained more or less constant for parasitoids aged four

to six days and were higher near the end of adult life. The estimated
values for a' for day seven were inflated due to the nature of the
data for that day and do not reflect an increased searching efficigncy.

seven
The estimated values for Th for day k were apparently less affected.

The estimated searching efficiency for attacked hosts for parasitoids
aged three days also appears rather low, but the cause of this is

not clear. In conclusion, the parameters a' and T,, were found to vary

with age in what may be considered a biologically reasonable way and
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TABLE 6.5 The results of fitting equation 6.7 to the functional
responses of L. distinguendus females of different ages.
Both the number of parasitoid progeny and the total number
of hosts attacked were scored giving rise te two estimates

for a' and for Th.

Parasite Oviposition Host mortality

age (days) a' T at Th
(8] 1.65 «307 1.99 «179
1 3.69 +167 4,70 .134
2 3.51 126 6.03 119
3 3.39 .165 1.58 +113
4 2.51 .184 3,91 <134
5 2.20 .186 3,31 . 139
6 1.50 .183 1,93 . 142
7 2,47 .185 18.4 176
8 737 .183 1.35 .168

9-13

pooled .710 « 344 .652 « 255
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FIGURE 6,16 The estimated values of a' and Th for the

number of parasitoid progeny (a) and the number of hasts
attacked (b) plotted against female age (see table 6.5).
The values for females aged seven days in (b) are excluded.

See text for discussiaon.
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FIGURE 6.17 WYhen two or more hust stages are present
different values of a' and Th for the various stages will
cause them to be attacked d;;Eroportionately to their
presence in the population. This figure demonstrates
this affect for various combinations of tuwo stages of

C. chinensis. (a) third and second instar larvae. (b}
fourth and second instar larvae. (c) fourth and third
instar larvae. (d) pupae and second instar larvae.

{e) pupae and third instar larvae, |f) pupae and fourth
instar larvae. The curves are given for a total host
density of 100 individuals and wvere obtained using the
values of a' and Th in table 6.4 with equation 6,8

Note the general heavier attack of the larger instar.
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FIGURE 6.18 When two or more host stages are present
different values of a' and Th for the various stages will
cause them to be attacked disproportionately to their
presence in the population, This figure demonstrates

this affect for various combinations of two stages of

L. maculatus., (a) third and second instar larvae. (b)
fourth and second instar larvae. (c) fourth and third
instar larvae. (d) pupae and second instar larvae.

(e) pupae and third instar larvae. (f) pupae and fourth
instar larvae, The curves are given for a total host

density of 100 individuals and uere obtained using the

values of a' and Th

in table 6.4 with equation 6.8.

Note the general heavier attack of the larger instar.

e ———
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the details of the parasitism model discussed next will include this

phenomanon.

6.3.,3 Details of the simulation model

In order to complete the development of the parasitoid simulation
model it is necessary to consider three problems. The first of these
deals with how parasitoid attacks (and ovipositions) will be distributed
among hosts when more than one host stage is present. Equation 6.7,
which was used to quantify the functional responses, can be extended
to include more thén one stage, but the resulting formula can be
solved for the number attacked in each stage only by complex numerical
analyses, Consequently, the similar random parasitocid equation of
Rogers (1972) was adopted for use in the simulation model. The number
of hosts oviposited an (or attacked) in stage i during time t (Xi )

B

is now given by

xip = xi(1 - exp(-aj‘._ PT, / (1 + a1§1:k a! Thkxk))), (6.8)
where the symbols are defined as in equation 6,7 and subscripts
indicate the stage specificity of the parameters a' and Th. The
summation in the exponent of equation 6.8 accounts for the time spent
handling the hosts parasitized in each stage present. whenever the
values of a' and Th are different for the various stages present,
then the stages will not be attacked in proportion to their presence
in the population., This is emphasized in figures 6.17 (C. chinensis)
and 6.18 (E. maculatus),uhere the values of the parameters in table
6.4 have been used with equation 6.8 to predict the proportion of
each stage attacked for various combinations of two stages. For both
species these predictions indicate that the larger of two instars

would be attacked more often,

The second problem to be faced was how to model the effects of
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parasitoid age on the parameters a' and Th. Equation 6.8 may be

modified to allow these parameters to be age-dependent. If adults

of several ages are present, then the number of hosts in stage i

parasitized during time t is
Xi = Xi(1 - exp{—jiz ?i(j) P(t-3) Tt }}» (6.9)
P A T+ 2 (a @it ox !
= all K

The parameters a' and Th are now indexed to indicate their age-

dependency and P(t-j) is the number of females present which have

age j. In order to determine how a' and Th changed with age, the
values in table 6.5 .were expressed as proportions of the values for
parasites two days old (table 6.6). These proportions were similar
for both attacks and ovipositions. Consequently, only one set of
proportions was included in the model (table 6.6) and these were
used to weight the values of a' and Th given in table 6.4 for parasitoids
of different ages. Eguation 6,9 is the full specification of para-
sitoid searching behaviour used in the model. It was applied tuice
during each time interval; once with parameter values for oviposition
to determine the number of parasitoid eggs laid and once with values
for hosts attacked to determine parasitoid-caused host mortality.
Finally, it was necessary to define the sex ratio of the para-
sitoid progeny. No information was available for the system used hare,
and ualues.in literature vary from 40% (Kaschef 1961) to 67% females
(Romanogva & Il‘'inskaya 1938). In the simulations reported here the
sex ratio used was 3:2 in favour of females since only the results
of Romanova and Il'inskaya were at hand at the time, However, since
very few females were reared from third instar larvae of either host,

it was assumed that no eggs were laid on this stage. This uas

accomplished by setting the value - of aé for oviposition to zero; the

value for host mortality was unchanged.
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TABLE 6.6 The values of the search parameters of table 6.5
expressed as a proportion of the value for tuo day
old parasitods. The values of a' for hosts attacked
for parasitods aged three and seven days were not
considered when selecting the proportions used in the
model. See text for further discussion,

Parasite a' T

age (days) h

eggs hosts model eggs hosts model

laid attacked laid attacked ’

0 0.470 0.330 0.40 2,437 1.504 2,00
1 1.051 0.779 0.90 14325 1.126 1+25
2 1.000 1.000 1.00 1.000 1.000 1.00.
3 0.966 (0.262) 0.95 1.300 0.950 1.10
4 0.715 0.648 0.70 1.460 1,126 1.35
5 0.627 0.549 0.60 1.476 1.168 1.30
6 0.425 0.320 0.40 1.452 1.193 1.30
7 0.704 (3.051) - 0.30 1.476 1.412 1.30
8 0.210 0.224 0.20 1.452 1.479 1445
9-13 0.202 0.108 0.15 2.730 2.143 2.45
> 1 3 - - 0.00 - - 0000
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It should be noted that the values of the search parameters used
in the model (tables 6.2 and 6.5) were determined in a much larger
experimental system than was used in developing the host model in
chapter 4. This was necessary in order to obtain meaningful results,
but the resulting parameter values may not be appropriate for para-
sitoids searching in smaller containers. Consequently, the affects
of changes in their magnitude will be briefly investigated in the next

section,

6.4 Simulation results

6.4,1 Single host species simulations

The parasitism model was added to the single-species sipu}ation
models developed in chapter 4 and the predicted dynamics of the
systems are shown in figure 6.19 for L. chinensis and 6.20 for C.
maculatus. The most remarkable feature of these simulations was the
sustained aperiodic oscillations. Considering first the C. chinensis
simulation (figure 6.19) it may be noted that after generation 20,
peaks of the parasitoid populatian occurred approximately every three
or four generations. This was partly due to the asynchrony betueen
the development of the immature stages of the hosts and parasitoids.
The reproduction of the parasitoids was greater in generations where
the appearance of the fourth instar larvas coincided more with the
presence of the parasitoid adults than in following generations,
when the parasitoids emerged before mény of the Hosts had reached the
fourth instar., The parasitoid populétion in the eleventh generation
was added on day 15 and the subsequent low parasitoid population
levels were caused by poor reprodu;fion of their progeny which emerged

when most of the hosts were in second and third instar, Heavy attack

of these younger hosts in generation 12 caused the host population
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FIGURE 6.19 The predicted dynamics of interacting

populations of C. chinensis and L. distinguendus., The

aperiodic fluctuations in population density are a
consernuence of the rultiple age-class structure of the
model. The simulation was started with 20 C. chinensis
on day one and three parasites (two females and one male)
wvere added on day 15 of the eleventh generation. See

text for discussion. O "_g.. chinensts. X _J__. a-\s"ﬁngua“dlb.
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FIGURE 6.20 The predicted dynamics of interactiné

populatiaons of c. maculatus and L. distinguendus. The

aperiodic Tluctuations in population density are a
consaquance of the multiple age-class structure of thes
model, The simulation was started with 20 C. maculatus
on day one and three parasites (two females and one male)
were added on day 15 af the eleventh generation. See

text for discussion. O—Q_maw\a{us . x—L. dis“\'nguandus.
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to decrease without contributing to the next parasitoid generation
since no eggs uere consgdered to be laid on these stages. The host
and parasitoid populations both persisted after this initial decrease
in the parasitoid population; the louwest parasitoid population levels
reached, however, were less than 10_2 individuals and their probable
extinction was indicated. This is even more pronounced in the simula-
tions for C. maculatus., The parasitoid adults were again added on
day 15 of the eleventh generation and the progeny of these adults
emerged prior to the development of any hosts suitable for oviposition.
The parasitoid population was reduced in the third generation to less
than 10‘5 individuals which clearly indicates extinction. Houwever,
later recovery of the population established an apparently persistent
interaction indicating that other initial densities or timings of
introduction would have caused a less serious initial fluctuation.
The two oscillations of the host population betueen generations tuwo
and 11 (prior to the introduction of the parasitoids) and between
generations 16 and 24 {when the population of the parasitoids was very
small) were due to the asynchrony between the host population and the
food renewal regime as discussed in chapter 4. Following generation
24 the recovery of the parasitoid population induced aperiodic fluctua-
tions as observed in the C. chinensis simulation. The fluctuations
were smallér in magnitude than those observed for C. chinensis.
Parasitoid populatien levels during this period fell belou 10-2 only
after generation 45,

As discussed in the previous section, the magnitude of the search
parameters of table 6.4 may be inappropriate for the simulation model
developed in chapter 4, so a brief investigation was made into the

effects of the values of the parameters ai on the dynamics of these

systems. Two C. chinensis simulations were run where a& for the fourth
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instar (for both oviposition and host mortality) was set at 0.01 and
0.0001 (the potential effects of higher values were not investigated).
The values for a' for the other stages were set at zero. In the first
of these simulations (aA = 0.01) the population oscillated in a manner
similar to that shown in figure 6.18. 1In the second simulation (az =
0.0001) parasitoid reproduction was sufficiently suppressed so that

no persistent interaction was possible and the par?sitoid population
was lost. A further investigation into the effecéidevelopmental
asynchrony between the host and the parasitoid was conducted, again
using the C. chinensis model. The adult mean life-span of the para-
sitoids was increased to 10 days and the adults were given a five day
preoviposition period. Since the mode of parasitoid larval emergence
was 15 days, this preoviposition period increased the time between
reproduction of successive parasitoid generations to approximately’ZO
days. However, numerous simulations including this feature but with
different values for the search parameters a' failed to alter the
dynamics of the model. In all cases where there was a persistent
interaction the populations showed aperiodic oseillations.

The predictions of these simulations may be usefully compared
with the results 6? long-term studies of these species and such work
is in progress (Dr. M. P. Hassell, personal communication). The
long-term dynamics of a similar system have been studied by Utida

(1950), who used C. chinensis and the pteromalid Anisopteromalus

calandrae Houw. (figure 6.21). The principle difference between Utida's
results and the simulations presented here is that in the observed
system there was genmerally a higher number of parasitoid adults than
~host adults. This may reflect the higher fecundity of A. calandrae
(approximately 170 eggs per female; Cotton 1923) than of L,

distinguendus (about 60 eggs, see figure 6.5a). There were, houaver,
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FIGURE 6.21 The observed dynamics af interacting

populations of C. chinensis and Anisopteraomalus calandrae

{from Utida 1950). Note the aperiodic fluctuations similar
in character to those predicted by the model (cf. figures

6.19 and 6.20). C)"gg.gbﬁyggﬁé. X~ A. calandrae.
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aperiodic fluctuations similiar to those in figure 6.18, thus providing

gualitative validation'af the model.

6.4.2 Two host species simulations

Tuo examples of the predictions of the two host species simulation
madel with the addition of the parasitoid model are given in figure
6,22, The model shows two stable domains (in contrast to the model
without the parasitdd)corresponding to the persistence of the parasitoid
with either of the hosts. A third stable domain where all three species
persisted was not found although Utida (1953) reported such an inter-
action between C. chinensis, C. maculatus and A. calandrae. The appear-
ance of the stable domain in the model corresponding to the coexistence

of C. maculatus and L. distinguendus (figure 6.22b) arose from the

faster developing C. chinensis larvae suffering a heavier mortality
due to parasitism. The earlier appearance of fourth instar larvae
(the most heavily attacked stage) of C. chinensis resulted in heavy
attack and the later appearing L. maculatus larvae \uhich were less

in phase with the parasitods) were exposed to less parasitism and
interspecific competition., The higher larval survival of L. maculatus
resulted in its persistence where previously (without the parasit@d}
the temporal advantage of C. chinensis larvae had eventually caused

extinction.

6.5 Conclusions
The primary object of this chapter was to extend the simulation
models of chapters 4 and 5 to include interactions betueen the

Callosobruchus species and the parasitoid Lariophagus distinguendus,

The structure of the host models permitted the simple inclusion of a
function specifying the proportion of hosts parasitized each day.

The development of immature parasitoids and the longevity of the adults
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FIGURE 6.22 The addition of the parasitoid to the
two-species simulation models permits the extinction

of either host., Both simulations were initialized by

20 adults of both host speciegadult parasitoids were

added on day 18. In (a) the addition of three parasitoids
led to the eventual extinction of L. maculatus. However,
when only one parasitoid was added C. maculatus survived

and C. chinensis was excluded. See text for further

discussion, O~ C.chinensis. @ - C. macdates | X = [, d\'sﬁnaue,nduj,

v
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was treated in the same’way as for the hosts.

A detailed investiation of the properties of the models constructed
here and, more impartantly, validation of their predictions must await
further study. However, the predictions of the single host species
models were in qualitative agreement with the results of long~term
studies on a similar system reported in the literature. The addition
of the parasitoid to the two host species model resulted in the
appearance of two stable domains., This is hardly surprising consider-
ing the complexity of the madel. Multiple domains of dynamic be-
haviour have also been observed by Auslander, Oster & Huffaker (1974)
in a multiple age-class parasitoid-host model and by Gilpin & Case
{1976) in multispecies competition models. 1In addition, Comins &
Hassegll (1976) have noted that the addition of a top predator to a
system of two competing species can have marked affects on the
system's stability properties.

The aperiodic fluctuations in population density predicted by
the models were a consequence of their multiple age-class structure
and do not seem to indicate a hierarchy of dynamic behaviour (i.e.
stable points, stable cycles and aperiodic cycles) such as observed
in difference equation models for parasjitoid-hest systems by Beddington,

Free & Lawton (1975).
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Chapter VII. SUMMARY AND DISCUSSION.

This chapter summarizes and briefly discusses some of the more
important findings of this work.

Chapter 2 was concerned with the descriptive abilities of a
variety of simple density dependent models. Special reference is made
to data on density‘dependent mortality. Initially, the flexibilities
of the different models are compared on a qualitative basis in relation
to the forms shown by such data when plotted in four ways: (i) plotting
the number of survivors against the initial density of cumpetifurs, (ii)
plotting proportionate survival against initial density, (iii) plotting
proportionate survival on logarithmic scales (k-values for mortality)
against log initial density and (iv) plotting k-values against initial
density. It is shown that most of the models are incapable of describ~
ing a sigmoid plot of proportionate survival against density, a feature
typical of much laboratory data on density dependent mortality. Second-
ly, four of the more flexible models are compared on a quantitative
basis. This is done by fitting them to a variety of data on density
dependent mortality from both field and laboratory insect populations.
It is concluded that, of the models considered, that of Maynard Smith
& Slatkin (1973} has the most flexible form, This model is then used
to describe some density dependent life-table data taken from the
literature for a number of insect species, and the fitted parameters
are used to characterize their population dynamics. The results of
this investigation agree with the findings of Hassell, Lauwton, & May

(1976) in indicating that most natural insect populations which exhibit
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evidence of density dependence do so in an undercompensating way.

The difference equation models considered in chapter 2 may be
used in the construction of simple analytical models for insect popula-
tions (e.g. Varley & Graduell 1968; Hassell & Huffaker 1969; Hassell
1977). An example of how this may be accomplished is given in chapter
3 where the outcome of density dependent processes in laboratory popula-

tions of Callosobruchus chinensis and L., maculatus are described by the

equation of Maynard Smith & Slatkin (1973). This has led to the develop-
ment of single and two age-class population models for each species.
These models predict an oscillatory approach to a stable equilibrium
and thase for C. chinensis gensrally shouw quicker damping of the
oscillations than those for C. maculatus. These prediction are in
accord with much of the available literature on the long-term dynamics
of laboratory populations of these species (e.g. Utida 1967; Fujii
1968). A further two age~class model is constructed for each species
in a framework discussed by May et al. (1974). These authors have
outlined the stability properties of this type of model in such a. way
that the relative contribution to the models'! stability of density
dependence in the two age classes may be compared. Applying these

ideas to the Callosobruchus models indicates that the oscillatory

behaviour is due to density dependence in the adult stage causing an
overcompensatory egg mortality.

A different approach to modelling single-species populations was
taken in chapter 4, A discrete-time simulation model employing a time

step of one day was constructed for each of the Callosobruchus species.

This model considers in detail the processes affecting population
growth, The description of adult reproduction includes age specific
fecundity and mortality and also density dependent responses which

reduce the adult's fecundity. The process of larval development is
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described by a life-table model which, based on some assumptions about
distributed larval deveiopment, predicts the number of individuals from
a cohort which complete development of a particular stage each day.
Larval mortality is included from both density independent and density
dependent causes. Although the dynamic properties of these models
cannot be determined analytically, simulation studies indicate that both
of the models have a globally stable equilibrium which is approached
monotonically in the case of L. chinensis and by damped oscillations
in the case of C. maculatus. In contrast to the models of chapter 3,
the oscillations of the simulation model were not due to overcompensa-
tory density dependence but rather to asynchrony between the food
renewal schedule and the larval developmental period (the faster
developing C. chinensis avoided this asynchrony)}. These simuylations
agree in general with the preliminary results of related long-term
laboratory studies (M. P. Hassell, personal communication). 1In addition
to predicting the sizes of consecutive generations, the models specify
in detail the age structure of each generation. It is found that
mortality at the equilibrium occurs primarily in the eqqg stage (from
adult trampling) and in the early larval stages (from intrastage and
interstage competition). In addition, interstage competition is
largely responsible for maintaining discrete generations even after a
considerabie period of continuous growth,

In chapter 5, the single-species models of chapters 3 and 4 are
extended to include interspecific competition, and competition co-
efficients for adult and larval interactions between the two

Callosobruchus species are estimated. This leads to the construction

of a single and a two age~class model and a simulation model for two-
species competition. The properties of the single and two age-class

models, because of their implicit assumption of equal generation
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times for the two species, could be readily determined from their
zero-growth isoclines, fThese models predict the presence of an
unstable two species equilibrium and indicate that C. maculatus,
largely because of its superiority in the adult stage, is the favoured
competitor. In contrast, the two-species simulation model predicts
that no stable equilibrium exists and, because of its quicker develop-
ment, C. chinensis would inevitably exclude C. maculatus. The superior-
ity of C. maculatus adults, however, could cause very low reproduction
of L. chinensis during initial growth of the populations and this may
indicate the potential extinction of L. chinensis in a stochastic
environment, This difference between the models' predictions may be
relatively unimportant in natural situations. Insect populations rarely
undergo continuous growth for more than a few generations, and events
such as emergence from winter diapause may regularly synchronize iAitial
growth or development. In such cases the speed of development of the
various instars and interspecific interstage competition may determine
the outcome of competition, but a cumulative temporal advantage (such
as observed here) would be of little importance. Experiments using
L. chinensis and C. maculatus which are designed to investigate the
trajectories aof populations started at different positions in the
phase space are in progress (M. M. Hassell, personal'communication),
and the resﬁlts of these experiments may well cla;ify the relative
importance of developmental period and competitive superiority in
determining the outcaome of interspecific competition.

A simulation model for insect parasitoid-host systems is devélop-
ed in chapter 6, Its structure is based on that of the simulation
model of chapter 4, and is designed to predict the two events of
reproduction and larval development. The model is developed with

special reference to Lariophagus distinguendus, a larval parasitoid
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of Callosobruchus. Attention is given to the effects of host age on

parasitoid deuelopmentténd also to some factors affecting the para-
sitoid's rate of reproduction. The model was added to the single-
species simulation models and this resulted in dynamic behavigur
characterized by aperiodic oscillations. This agrees qualitatively
with the results of a long-term study on a similiar system reported
by Utida (1950). These oscillations were due only to the detailed age
structure of the model and were not a function of the parasitoid's
searching efficiency., Thus it appears that apparently chaotic dynamics
may occur in complex models independently of the parameters determining
the systems quantitative behaviour {(cf. Beddington, free & Lawton 1975),
and this emphasizes the need for a clear understanding of the details
of any biological interaction before conclusions can be drawn on the
factors contributing to its observed dynamics. UWhen the parasitoid
model was included in the two-species simulation model an additional
stable domain appeared and, although coexistence of all three species
was not established, this further emphasises the potential dynamic
complexity aof insect parasitoid-host systems,

In developing a model for a particular laboratory system there
are four important tools available to the population ecologist. (1)
Short term experiments may be employed to define the impaortant influences
on the pupﬁlatiuns and to determine the details of the processes
involved. (2) Simple analytical models may be constructed to investi-
gate the system's dynamic behaviour. (3) Detailed simulation models
may be developed to ensure that the processes affecting the popula-
tions are clearly understood. (4) Finally, long-term experiments can
provide a knowledge of the system's observed dynamics against which
the accuracy of the models' predictions may be examined, The combina-

tion of these four working together is a powerful approach in further-
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ing our understanding of the role of such crucial bjological processes
as competition and predation in determining the dynamic behaviour of

insect populations.
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Appendix A. THE STABILITY UF DIFFERENCE EQUATION SYSTEMS.

This appendix outlines only the details relevant to determining
the local (linearizad)stability of the difference equation population
models of chapters 2 and 3. For a more thorough discussion of the
topic the reader is referred to Mmay(1974) and May et al.(1974).

In chapters 2 and 3, single age-~class difference equation models
of the form

Ny = Ntf(Nt) (A.1)

were considered, 'Models of this form have an equilibrium density which
is defined when Nt+1=Nt=N*’ so that at equilibrium,

f(N*) = 1. (A.2)
The local stability of this equilibrium is determined by the slope

of the curve of log Nt+1/N£ plotted against log Nt evaluated at the

equilibrium,

d log Nt+1/Nt

d log Nt

B

d log f(Nt) * ( )
= - A3

d log Nt

By virtue of equation A.2, this derivative may be rewritten as
d F(N,) \*
bt = -N¥ | ——— . (A.4)

d N
The local stability of .the equilibrium of equation A.1 is determined by
the value b'. UWhen 0<b!'<1, the equilibrium is stable and approached
monotonically following a small disturbance of the population away
from it, For 1< b'< 2, the approach to the equilibrium is oscillatory,
khen b'>2, the equilibrium is unstable and any disturbance of the

population away from it results in limit cycle behaviour. The boundaries

separating these three types of dynamic behaviour occur at b'= 1 and b'= 2,
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The population model of eguations 2,13 and 3.5 may be written in the

form of equation A.1, "

dA
= N, —r—r——ty .
Newr = Ny (1+(an,)") (A.5)
and the function f(Nt) is
) = ———
(1+(aNt) )
The equilibrium density N*¥ is found by setting f(Nt)=1,
we=t (a0 (A.7)
The derivative b' is given by
b( dx - 1)
b' = —————, (r.8)
d

Equation A.8 gives the relation between the parameters b, d and A
which determines the boundaries between the different regions of ‘
dynamic behaviour shown in figures 2.9 and 3.10a.

In chapter 3, tuwo types of multiple age-class models were con-
sidered. 1in the first of these (the type I models), individuals pass
through all of the age classes in one time step and the generation time

is unity. This type of model for n age-classes may be written

x,(t) = f,(x () (A.9a)
xz(t) = Fz(x1(t)) . (A.9b)
xn(t+1) = Fn(xn-1(t)) (R.9c)
so that
x (t+1) = £ (F 0 -- £ (x (£)))). (A.10)

The equilibrium occurs when xn(t+1)=xn(t) and its lecal stability

is determined by the derivative df“n/dxn evaluated at the equilibrium.
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By applying the chain rule to equation A,10, this derivative becomes

df . df df df

* n-1 1
~n Z n era  m——e e (A.11)
dxn dfn--’l dfn-Z dxn

where f. indicates the compound function fi(fi-1( ses f1(xn))). In
short, the local stability is determined by the absolute value of the

eigenvalue XI ’

df  *
. n

1 dxn

<
f

- t so e t )%
= (fn f“!‘_,l f1)

n
= .1'1 f1 (AR.12)

1
1
i=1

where fi indicates dfi/dfi and F':df1/dxn. when -1< X

1 " <1, or

I
alternatively uhenl XII< 1, the equilibrium is stable, It will be

approached monotonically when 0> X_>1 and by damped oscillations when

I
-1<X, <0. The equilibrium is unstable if , xll>1.

In the second type of multiple age-class model (the type II models),
the develapmsnt of each age class requires one time step and campletion

of a single generation requires n time steps. This type of model

may be written

x1(t+’|) = f‘1(xn(t)) (A.13a)
xz(t+1) = fz(x1(t)) (A.13b)
xn(t+1) ; fn(xn~1(t)) (A.13c)
or in matrix form

_x1(t+1)ﬁ [0 0 .- 0 ] %, (£)]

xz(t+1) f, 0 -++ 0 0 x?_(t)

x3(t+1) '= 0 fg -0 0 x3(t) ) (A.14)

_xn(t+1)J _D 0 eee T D_J ~x;(t)J

Equilibrium again occurs at xn(t+1)=xn(t). In this case, haowever,

the stability of the equilibrium is determined by the dominant eigen-
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value of the matrix A,

0 0 .--0 f%“
1 s e ®
£ 0 0 0
fl e s 0
A =f 0 f3 000 (A.15)
e v e 1
|00 f1 0

where the derivatives fi are defined as before. The eigenvalues of

A are given by (see proof belou)

2]
n
(xn) = II . (R.16)

i=1
If n is even, there are two non-zero eigenvalues which consist af
either a pair of real numbers equal in magnitude but opposite in sign
or a conjugate pair of imaginary numbers with zero real parts., If n

is odd, then n-1 aof the eigenvalues are zero and one is a real number,

In either case, the magnitude of the eigenvalues is given by

n
’x,' - l( m e )Y/, (8.17)
iT . i
i=1
The equilibrium is again stable only if XII <1, 1t is clear from a

comparisan of equations A.12 and A.17 that any type I and type II

systems defined by the same functions fi will have the same qualitative

stability, since for any number y <1, then y1/n<:1. Furthermore, a stable

type 1 system will be more stable (have eigenvalues with smaller magnitude)

than the related type II system since for any y<1, then y<y1/n

Proof of equation A.16., The eigenvalues of the matrix A of equation

R.15 are given by the solutions to the equation

|a-x1| = 0. (A.18)
The determinant in this equation may be written

~X 0 «¢« 0

f1
1
f! '_X ess ] 0
0

A - x1| = . (A.19)

O ee e
(]
—
T~
|
ko



Expanding about the last rouw gives

=X 0 «e+ 0 f%
S 2n-1 FL =X «++ 0 0
o - x1| = (1) Ter ] 27X
0 0 see¢ f1 0
n-1
=X 0 -+ D f%
F1 =X ees
(-0 xy | 27X 0 0 (A.20a)
0 0 ces X
or
|a - Xx1| = -fAIDn_1I + (‘X)'En-1, (R.20b)

where the definitions of the determinants ]Dn-1| and IE are clear.

n-‘ll

The value of the determinant an 1Imay be found by induction as

follous. Ffor a determinant of arbitrary aorder k,

-X 0--e0 f

£1 A _

o | = 2 =X+ 0 D . (A.21)
0 0-ee O

Expanding this determinant about the last row gives

- X g «+- 0 f{
- ' - LK 2N )
le ‘ - (e 1flz £y =X 0 0
0 0. 0O
2k-1
= (-1) féle_1l. (A.22)
k-2 n .
If IDk-1I =(~1) 1 f! » then from equation A,22
i=1
n
IDkI = (1) 1O £
. R 1
i=1
n
= (-0 m f1. (A.23)

i=1
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k-1 . .
Nating that when k=1, |D1l= f{ =(=-1) f{ completes an inductive proof
of equation A.23 for any k.

The value of ,En 1[ may similarly be found by induction, If this

determinant has order k=1, then
k
ls” = -x= (-x) . (AR.24)

A determinant of any order k> may be expanded about the last column:

_x O a0 U D
DR
R
-X 0 -+ D 0
. fL =X +e 0 0
=07 E :
0] 0 f&_1 -X
= (=%) Eeq o (A.25)
1f lEk-J =(—)(.)k-1 , then from equation A.25
k
El = (-X)" . (A.25)

Equation A.24 completes an inductive proof of equation A.26 for any k.

Substituting equations A.23 and A.25 inte equation A,20b gives

n .
| A -%x1| = (~1) [(-1)n~2 1131 f£]+ (-x)"
n-1 n
= (0" 0 of e -x)" (A.27)
i=1

which, after being set equal to zero and rearranged, reduces to
n AN
(-x)" = (=1)" I fr , _ (A.28)

oT

()"

i
[
o
-4

1
;1 (A.29)

which is equation A.16.
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Appendix B. THE LABORATORY CULTURE UF CALLOSOBRUCHUS SPECIES.

The cowpeas used as the food source for the Callosobruchus species
were stored Aat 5° €. After being placed at the experimental conditions
of 30° C, 70% relative humidity these beans lost weight for approximately
four days (figure B.1) before reaching a constant water content of about
9% by weight. Consequently, beans were kept at the experimental con=
ditions for at least four days before use in experiments.

The Calloscbruchus species were cultured by placing about 500 g

of couwpeas in a large plastic box { 9 cm high, 15.5 cm wide and 27.5 cm
long) which uas covered with a plastic lid. 1In the lid several large
holes were cut to permit ventilation; these holes were covered by muslin,
Large numbers of newly emerged adults (0-2 days old) were collected and
placed with the bheans for two days, after which they were removed.
Three cultures of each species were set up each week; th s provided a
continuous source of material for experimental work.

The handling of the adults was often facilitated by lightly
aenesthetizing them with carbon dioxide. Aenesthetized adults could
be easily collected from cultures by passing the beans over a mesh of
a size (approximately 0.5 cm) which permitted the adults to pass through
but retained the beans.

During the period of adult emergence in a culture, the frass created
during larval feeding collected in the bettom of the culture boxes.
This frass could be removed by seiving with a fine mesh, The frass
was found irritating to the nose and throat and a dust-proof respira-
tion mask was used to aveid any unecessary exposure, Finally, the
beans were subject to attack by mites after the adults emerged.
Consequently, cultures were not kept longer than a single generation

(about four weeks).
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FIGURE B.1 The percentage weight loss of-coupeas
taken from cold storage and placed at BUOC, 70%
relative humidity. Pean (% 95% confidence limits)

of ten replicates.
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Appendix C. SOME COMPUTER PROGRAMMES.

€. Notes aon the programmes.

This appendix includes the listings of five of the FORTRAN programmes
developed in this study. These programmes make use of a non-standard
interactive feature {(the READLIST statement) available on the Imperial
College time sharing system. No attempt has been made to rewrite these
programmes in standard FORTRAN, and consequently their descriptions here
are limited to a list of the more important READLIST variables and
execution options.' It is anticipated that standard batch versions of
these programmes will be developed shortly.

The five programmes included here are the two simulation models
(SIMUL1 and 5IMUL2 ) of chapters 4 and 5 (which include the parasitism
submodel ) and three data fitting routines. The programme UENDEP estimates
parameters for the two-parameter density dependent models considered in
chapter 2. LTANA estimates parameters for the density independent life-
table model of chapter 3. Finally, FRESAN estimates paramzters for scome
models for predator and parasitoid functional responses. These fitting
routines utilized published algorithms for parameter estimation and,
where possible, the source code for these routines is included in
section C.7. Listings for the subroutines EO4CAF and EO4FBF are not

included as this material is the copyright of NAG(1976).
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C.2 Execution files [MARLS and MARLS2

These programmes Q;re used in executing the other programmes
included in this appendix. All of the files accessed by these twa
execution programmes are standard facilities at the Imperial College
Computer Centre except the file LI8M., This file is a binary library
containing the subroutines included in section C.7. The use af these
execution files is as follows:

Call, MARLS (S = programme)

and Call, MARLS2 (S = programme, DATA = data file)

where "programme" is the name of the desired programme to be executed
and "data file" is the name af an optional data file. The use of
MHRLS2 is restricted to the programmes DENDEMP and FRESAN when the data

for analysis are stored as a permanent file. MARLS may be used with

all of the programmes.



MARLS

RETURN,BATCH.
RETURN.PLTFIL .
RETURNBATCHI .
IF (FL.LT,450008) SETFL +45000
IF (NUM(S2) GBTO. 2R,
GET,S.
REWIND,S.
RETURN« TSFCMP, TSFBIN,
GET)L ISTPRAUN=UIDZS27.
LISTPP+S, ) TSFCMPILISTRS.
TSF I=TSFCMP» B=TSFBIN,E=3.
28 GET) L IBTAUN=UMBZS27.
PROC N=NAGSF
i

L IB=LIDMA IBT,
eI IBT/NAGSF)

IF (FILE (BATCHL D) ) MJEUE (BATCH=PS,
IF%I* (PLTFIL,LO)) . ™TC)3A /D=8 1L-03D)

¢}

3A.GET«PLOTF
TSF(I-PLDTFR-B DINJE=D)
LD:ET(LIBSLIBPD

IN.
QUEUE (BATCH1=PS,0=S ILL00
‘¥ RETURN+SCRATCH, o

MARLS?2

RETURNBATCH,
RETURNPLTFIL,
RETURN) BATCHL .
IF (FL.LT.45000B) SETFL 45000
IF (NUM(DATARY ) GBTO5R
GETDATA.
RETURNDATAL.
REWINDDATA
CBPY (DATADATALY
REWINDDATAL.
SRy IF (NUM(S)) GOTO. 2R
GET»S.
REWINDS.
RETURN TSFCMP TSFBIN,
CET(LISTPPAN=UMBES27,
LISTPP, S+ TSFCH,L ISTRS,.
TSF 4 I=TSFCMP B=TSF 3 IN 1 E=3,
2RI GET L IBTAN=UM3ZS27,
PRGC N=NRGSF
GET:L IBM.
LDSET (LIB=L IBMA IBT/NAGSF)
TSFBIN.
IF (F JLE ¢(BATCH «LB) ) QUEUE (BATCH=PS/D=SILIO0D)
IF (FILE(PLTFIL)LD)) GATC3A
GaTO 4R
3AIGETPLETFR.
TSF ¢(I=PLOTFR:B=BIN/E=D)
LDSET (LIB=LIBMD

BIN.
GUEUE (BATCH1=PS/0=SILHACO)
41y RETURN« SCRATCH.,

IANS



C.3 SImuL1 and SIMUL2

Object:

to simulate the dynamics of single or two host species
populations either with or without a parasitoid., The
variables and cantrol options are the same for both pro-
grammes, with the exception of some additional variables
in SIfyL2, Only a brief outline of the more important
parameters is given here.

Readlist variables:

ISTART: the next day of the simulation,

ILND: 1last day of the simulation.

IPARAS: specifies the presence (=1) or absence (=0) of
the parasiteid.

HDISMU, HDISSG, DDS, ALPHA: host larval development and
mortality parameters.

LAMBDA, DDA, DDB, EGFERT, TRAmMPL, POWER: adult life-table
and oviposition parameters.

PDISMY, PDISSG, PEGFRT: parasitoid life-table parameters.

APATT, THATT, APOVIP, THOVIP, APAGE, THAGE: parasitoid
search parameters.,

ADULTS: initial number of host adults.

Readlist execution options:

GETDIS: initialize developmental distributions,
BEGIN: required step prior to a simulation,
GO: execute simulation,

HPARMS: output of life-table parameters.

OQUTPUT: output of simulation results.



SIMuLT

NOTRACE
PREGRAM SIMUL I CINPUT,BUTPUT, TAPEL TAPERBATCH TAPESSOUTPU T, C SIMULATIGN SECTIGN
+ TAPE7=BATCH) 22 IF (ISTART.GT.1)GOTE3
g SINGLE SPECIES SIMILATION MGDEL. T,S. BELLBWS,JR. DEC 1978 . C INITIALIZE Sgﬂ;‘ STORAGE VECTORS BEFGRE DAY 1.
) CB 4 =1,
DIMENSIGN KGENER (50) « PGERER (50) + TATRCO (8) « TOTRCY (8) » TOTPRO ¢2) + TATP TOTRCO (K) =0,
4R1€2)y  COHTHD (21,8 » TOTUHO (21473 « CAHTPD €211 2) s COHTHL (2148 + TBTLH1 4 TBTRC1(K) =0,
+{2108) COHTP1¢21,2) » TBTLPL (21+2) »GOUMC2018) 5 IDUM(B) +KDISM 08 5 K=1,2
+U(8) (HDISSG(B) » POISMU(2) +PDISSG (2) « TBTLPO (214 §) TOTPRA (K) =0.
REAL LAMIOA(IS) 5 TBTPR] (K =0,
COHTN ICOAYS (B) +GOIS ¢2048) »ALPHA (646 +OOB (8) 1005 (7) +LAMBDA DDA (2) IGEN=1
+s EGFERT TRAMEL » JPDAYS (2) o PGD IS (201 2) ¢ TRAGE (20) » APAGE (2D) » TH C SuM INITIAL ADULTS.
HATTLEY + APNTT (G » THOVIP (6) » APBVIP (B) +PEGFRT/HSEXRT) PSEXRT, $=0,
+HXNOBNS PORER Sp=0,
CATA COHTHO TOTLHD »CBHTRO: TOTLPO: COHTHL» TETLHL 1 COHTR §» TBMLP1./758%0 0B 6 I=§:21
s S=S4COHTHL LT @)
DATA IOUT/G/»RAME/1/ e ISHORT/1/ 6 SP=SP4COHTPL (I,
HGENER (1) =5
PGENER (1) =5P
20 READLIST IGUT:ISTART.IEND( IDAYVHGENER(PGENER, TBTRCQ: TATRC 1. TOTPRO, 3 CONTINVE
+ TOTPRY 1 IPARAS KD ISMU KO 1SSG PDISMI POISSG, ALPHADDB DDS s LAMBDA ¢
+:DDA, EGFERT, TRAMPL s THNGE » APAGE , THATT, APATT) THOVIP , APBVIP ( PE C SIMULATION LOOP,
+GFRT, COHTHO+ TOTL KO+ CBHTPOs TBTLPO s CORTHL » TOTLH1 s COHT DO 1 I=ISTART:IEND
+P 1 TOTLPS, GETDIS=21,G0=22,PARMS=23,0UTPUT=24,END c
+=93 1 XNBBNS » DRGNHL 1 DRGNHA s BRGNPL » 0 IDAY=rLOLI: 21
+RGNPA, HSEXRT PSEXRT +PBLER /GDIS 1 IGDAYSPGD IF (IDAY.EG.Q) IDAY=21
. +IS+ IPDAYSH IGEN ISHORT, BEGIN=25RDULT IF¢1,LT.200 607021
+5 ' NAME IF CIDAY.NE. 1) GOTO32
1F(1.E£0.22) 6OTO7
25 D@ 251 I1=1,21 C STORE GENCRATION COUNTS.
TOMLPO U1, 1) =0, IGEN=IGEN+1
TOMLPI (I, 1) =0, HGENER (IGEN) =TBTRCO (8)
TOTLP1(I+2) =0, PGENCA (IGEN) =TOTPRO ¢2) .
CoHTPOKIL 1) =0, C IF ICAY=1, SWITCH OLO BEANS FOR NEW:» STORE RECRUITS AND START AGAIN.
COHTPO (1,2) =0, . 7 08 8 J=f.21
CeHTRP1 ¢TI, 1) =0, 00 B) K=1:7
COHTP1(I142) =0. ) COHTHO (J¢K) =CAHTHY (JeK)
COHTHO (118) =0, COKTHI (JeK) =0,
COHTH ] ¢J8) =0. TOTLHG (1K) =TOTLH] (1K)
JOTLKI (I.0) =0, 81 TOTLH1{JWR)=0.
D3 254 ®=1.7 CEHTPO (Jy 1) =CORTPL (Uv 1D
CBHTHO (1K) =0, ' COKTPS (Jr 1) =0,
COHTHI (14K) =0, TOTLRDCJr D) =TBTLPLC 1)
TBTLHO (1vK) =0, 8 TOTLP) tJ, 1) =0.
251 TOTLH (1,K)=0. DO B3 k=148
ISTART=4 TBTRCO (%) =TOTRCL (X)
COHTH1 ¢1,8) =ADUL TS 83 TOTRCS (K) =0,
GBTB20 TOTPRO (1) =TOTPRL (1
C CREATE DEVELORMENTAL DISTRIBUTICNS G, TOTPRO(2) =TOTPRL ()
C HOST. TOTPRI (1) =0,
21 ggué ?Emlss (HDTSMJ 1 HO ISSG 184 GOUM IDUM: GRGNHL  BRGNHAY . c TOTPRY (2 =0.
1§ k=18
IGDAYS (K) =IDUMK) -~ 31 ADNEW=0.
0O 21§ I=!.20 PADNLK=0.
214 GDIS(I K)=GDUMCLK) € SKIP BLD BEANS IF TIrC .LT. 21,
C PARRSITE IF (I.LE.21)60Te2
IF C(IPARAS.EQ.0) GBTR20 C DEVELOPPENT AND MORTALITY IN BLD BEANS,
CALL GETDISI (PDISMYPDISSE 2+ GOUMs IOUM, BRENPL » GRGNPAY CALL FODEL 1 (01 IDAY1COHTHE TATLHD 7+ TATRCO ¢ ADKEW) IPARNS s COHTPO TOTL
DO 212 K=1,2 490, 1+ TATPRO 4+ PRONELD
IPDAYS (K) =IDUM (K) C OEVELOPMENT: PDRTALITY AND OVIPOSITIBN IN NEW DENANS.
00 212 I=1,20 . 2 CALL MODELC1s IDNY)COHTHL, TATLHL» Gy TOTRC I+ ADNEH IPARNS»CONTRL, TOTL
212 PGDIS LK) =COUM (LK) +£1y 22 TOTPRIPADNED
G4T020 c
c 1 CONTINLE

ISTART=JEND+1

6EC



C END OF SIMULATIGN LOOP AND SECTION
GOTR20

g QUTPUT GF PARAMETERS.

23 GDUMCLl«12=0.
IF (JPARAS,.ED.2) GOTO233!
GDUMCL.2) =0,
00 231 I=1,6
GOUMCT+1+ 1) =ALPHR (I, 1)
GOUM(I+1:2) =D0D (D)
ALPHA (I D) =0,

(IGUT: 1000) RAME
t‘!g:’g (IgUT'- 1005 HD 1SM(B) 1HDISSE (8) « BRENHA HSEXRTs DDA (1) +DDB (7) 4ODA

:(2) ' oo0 (@2 (IeI=148) o (LAMBDA (I 9 I51,8) 0 (10 I=9415) o LLAMEDA (D »
= y yEGFERT: TRAMPL POLER
+5R?"fésﬂéu'h 101;URGNHL1 fI:HDISHJfI) +HDISSG (1) 1D0S (1) +GDUM I+ 1) »COUM
I=1,0
+:l§l|['2f:€'(IBUT| 102) CTeI=306) v CIo CALPHA (S0 ) 1J2146) 1 I=146)
DO 232 I=3.6
232 ALPHA (I D) =GDUM(I+144)
IF (IPARAS ,E0Q.0) GATR20
NUE
23 EF??E(IGUTv 1033 PRISMU (1) »PDISSE €4 +ORGNPL PO ISMU (23 +PDISSG (2) #ORGN
EXRT»PEGFRT -
EJQ}TE(XE}L;!% 104 (LyAPATT (I s THATT (D) +APOVIP (1) + THOVIP (D) + I=146) -
WRITE (IBUT 105 (2o I=145) v (ARPAGE (1) » J=115) » (THAGE (1) 4 I=145) 4 (14 I(}) .
RS (o1 Y] (APAGE (1) » I=61+10) » (TRAGE (1) +J=6+10) 0 (141=11415) + (HEI\GE ) '
+I=11,15)» CTHAGE (1) » I=11415) + (11 I216+20) ¢« (RPAGE (I} » 12164200 »
+(TRAGE (1) + I=161 20>
G3TC20

oL A
IR ITE (TBUT, 1065 IEND IDAYs IGENs (T HGENER CI) +PGENER (I + I= 11 IGEN)
ES:‘%E‘??SE#?&%??%?SE?SMM. ¢I CTOTUHD (T J) 1 J=107) 1 1230210 4
+ (1, (TOTLHL (14 d) 1 J=148) + I=1421)
ng(gﬁgfnz?g?s S OTPR0s TOTPRY s (1o TOTLPD KT+ 13 + TOTLPA (1. 1) + TOTLPY €102
I=l

23

ot

+
GOT020

MAT CLH 1H +"PARAMETERS FOR SIMULATIBN“s /v 3H 125 (1H=) v /0
XDU+FBR IJ‘ASX:T";: HB'.'ST PARAMETERS. "1/ 1 IH 110X ™ (1) RDULTS"LIFE—TRBLE
+PARAM" » "ETERS."s/+1H 114X:"ADULT LIFE SPAN PEHN vBX.u.F15-Fl_g-
+/v 1M 122Xy "SCRT" "VRRIANCE"r%X-Flgil?_élélH/n:IaX|12§IE}‘SU£?’X:. .

"s " " (FEMD Sass ] 1

I‘S:/llH 121X "SEX RATIO ) "'DéNSITY DEPENDENEESP?SR;ETE§§
FGR OVIPBSITION", /¢ T22, "EGG CROWDING"» . AX A= "y 5.1013X,"B=
I"-FiS.lOn/a 1H +T20."ADULT CROMDING A= '-FIS.IU:' 3§n B= nf’lg.(:lx

+0v/713H 1 14%: "DATLY OVIPOSITIN RECEBRO" s/ 1H 11‘9.X| C').RY ’ 1X
X 129200 g0 LH 118X "EGGS” 1 1X:8F7.31//11H 1 10Xe "DAY n1X|7(3X'IE|§§)
ws 711K 218X "EGGS" 1 1Xe TF7. 30270 IH 4 14X "PREBP, OF EGGS FERTILE"3X»

H 114X, "EGG MORTALITY PARAMETERS (FROBM ADULT TEM‘PLIN
E)B‘-‘?:'uu'l u;iél ' "ll1 (=TRAMPLY = “4F15,10,3X:"2 (=POLER) = "»F15.8
+0)

c "
3 1H +10X” (2) LARVAL LIFE-TABLE PARAMETERS.")5X,
101+F0Rr13;0.1rg éggé = }NST‘ER 1."v /711K -.HX-"URIGIN"-‘.!X:FB.E-//vIE
+STAR s 44X OMUT 12X, "SIG" 1 7X1 "PROP. DAJILY SURV™BXH“AR™115Xs"B
+iH 178 CIH=-) 74 H 13.5F16.000)

¢ 102 FORMAT(IH 1279 8H 110X (3) LARVAL INTERSTAGE COMPETITION COEFFI“,

+ “CIENT MATRIX." 1/ 15Xs "NBTE EGGS = INSTAR 0."sreIH 2 "STAGE 2"
+1Xo BOXr 1180 s/91H o
+ "STG 1 "I 1Xe6F 10,745 (/0 IH » I7,3X6F10.7))

c
103 FORMAT(IH +//51H 45X "B, PARASITE PARAMETERS."+/1IH 10X (1) LIFE
+="+ “TABLE PARAMETERS," ¢5X:"MENN"16X: "SORT (VAR IANCE) BRIGIN"s/
+11H + 36X, “LARVAL DEV. RATE":2X)2F15,3043XiFB.51/91H +17X:"ADULT
+ LIFE SPAN":2X: 2F15.1013X:iF8.50//11H 514X, "ADULT SEX RATIO (F
+EMD 12X FB.5, /0 1H 14X: "PROP, EGGS FERTILE 12X FB,5)

c
104 FORMAT(IH 1/111X," (2) SEARCH PARAMETERS. s/ 15X "PRIMARY VALUES FO
R VIXUATTACK™ 9 13Xy "OVIPGSITION + /1 20X “STAGE (EGGS=1) "+2Xs2 ("A"
FI0G"TH s 9X0, 0/ tH 124X 117X 4R 11, 7))

105 FORMY (IH /415X "DAILY CHANGES IN SEARCH PARAMS (PROP, BF PRIMARY
+ My “VALUE) "1 4(//120X: "ADULT AGE™s3X) 1219184 ,/024Xs "A" 1 4Xs SF10. To o
+23 X4 " TH" y 4AXs5F10.73)

105 FORMATUIH +//51H +“RESULTS OF SIMILATION" 1/ 8H 121 (1H=) s /16X
+ “THIS SIMILATIGN RAN FOGR “+I5+" DAYS." s/ 6X:"“THE LAST DAY OF T
+HE “» "CURRENT SAMPLING PERIBD WAS DAY "3 I24",%,/(6Xs "THERE
+HERE "¢ 12, " COIMPLETE GENERATIONS."s//»4X:"A, ADULT PERUL
HATIBN SIZES." v/ 9Xs "GENERATION" « 5X, "HOST" 18X+ "PARAS I TE
+950¢/113Xs 12,4X42F14,5))

c
107 FORMITUIH 1/, 49X “B. INFCRMATIGN ON THE CURRENT (INCOMPLETE) “,

+ " GENERATICN."»/¢9X: " (1) HEST PEPULATION.", /s 14X, “TRE TOTAL RE
+CRUITS "» UINTO EACH STAGE FROM THE GLD AND THE NEW BEANS":/ s IH
+ 15X "EGGS" s 7X, "17eBXe 218X 3" BX0 9" 1 6Xs "PUPAE", 2X, "AD IN
HPER" 12X "EM AD" s /1 IH “BLD"v8F.4r /0 IH +"NEW" 1 BFD.41/71 14X "
+THE TOTAL NUMBERS PRESENT IN EACH "y "INSTAR ON EACH DAY WERE"/) iH
+ +"BLD BEANS"s/r1H +"DAY" 12Xy “ECGS" s6Xs" 1" 1 BXs "2 18Xy "3 18X "4 16
+X1"PUPAE" 12X+ "ARD IN PEA"121 (/4 dH 112,7FQ.4) 4 //, 1H 4 "NEW BEANS
a0 IH DAY 42X "EGES" e BXs " 118X "2, 8Xe "3, 8X) " 4" 4 5Xs "PUPRE
+2X"AD IN PEA"12X("EM AD" 121 (/11H +12,6F9.4)

108 FERMATC(IH «//19X»" (2) PARASITE POPULATION. s/ 14X " THE TOTAL RECRU
+ITS")" TO THE LARVAL ( = EGGS + LARVAE + PUPAE +'0 /114X "PRE~EMERG
4ENT "y "ACLLTS ) AND ADULT STAGES.":.,/r20Xs “LARVAE" s 6Xy "ADULT
+5'"4 /114X "0LD", 2F12,41/¢ 34X "NEW" 1 2F 12,41 22+ 14X, "THE TOTAL KU
+HBERS PRESENT ON EACH ", "DAY WERE'a//+14X: “DNY", 3% "LARVAE (DL
+0 BNS) LARVAE (NEW BNS) 18X, “ADULTS™ 23 (/1 15X:12,3F19.9))

c
CJOOO FORMATUH s /770 IH 1 "NAMES 4 14)
C END OF MAIN ROUTINE SIMULY.

99 STGR
END

aon

SUBRGUTINE MOCEL 1 (IFLG» IDAY: CBHORTs TBTALS 1N, TOTREC » ADLNEW: IPARAS,
+ PCOHT TOTLP NP, TOTPRC : PADNELD
C SUBROUTINE FGR SINGLE SPECIES SIMUL. MIDEL WITH PARASITE.
C T.S. BELLGWS.JR. DCC 1978

(3]

C INPUT AND COMMBN VARIABLES CIMENSICNED
OINMENSION COHORT(2146) s TOTALS (21+N) s TATREC (8 »PCOHT(21,2) s TOTLP 21
+ 0P, TOTPRC (2)
REAL LAMBDA (15)
COMTN IGOAYS (8) 1GDIS (20+8) +ALPHA (846 +DDB (B) 1 DDS (7) 4 LAMIDA, DDA )

+» EGFERT: TRAMPL » IPDAYS (2) + PGD IS (20+2) » TRAGE (2D) s APAGE (20) + TH
HTT(G) » APATT (G + THOVIP (63 s APOVIP (6) 1PECFRT HSEXRT 1 PSEXRT)
+XNOBNS 1 POER

C LBCAL VARIABLES

gve
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00

oo

[gle]
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a0

oon

DIMENSIBN JEND (7 »HDENS (B) +PSURV (B) +POVIP (6)

SGMZ INITIAL DEFINITIONS,
IFLAG=IFLC
IDD=10NY
10=1DD-1
IFCID.EQ.D) ID=21
IF (JFLAG.EQ, 1, AND, IDD,EQ. 1) COKORT (1,8) =COHORT (1.8 +ADLNEW
IF (IFLAG.EDQ, }.AND, ICD.EQ. L) GOTOLD
IF (IFLAG.EG,0) CAHORT(ICD 1) =D,

HOST DCVELCPMENT - EGGS THROUGH ADULTS,
DB 1 K=1.7
RNEW=0.
sum=0.
JEND (K) 2IGDAYS (K) -
1F (IFLAG.EQ. L. AND. JEND (K) . GT, IDD) JEND (K) =IDD
BREED COHGRTS FROM IOD BACK TQ TIME IDY
00 11 I=1,JENDK)
IDY=100-1+1
IFC(IDY.LE.D) IDY=IDY+21
RNEW=RNEVHCOHART CID Y K) XGD IS (I4+K)
CAHORT (IDYyK) =COHBRT (IDY 1K) ¥ (1, ~GDIS (I:X))
11 SUM=SUMHCBHORT (IDYK)
TOTALS (ICD,K) =SUM
NEW COHBRT=RNEW. ADD THESES IN CONORT (USUALLY Z2ERQ) TO PERMIT
USER TO ACD RECRUITS.
IF CIFLAG.EQ, 1) RNELERNEVWHCBHORT ¢(IDD 1 X+1)
COKORT (D0 K+1) =RNEW
1 TOTREC (K+1) =TOTREC {K+1) +RNEW
ADD ADULT RECRUITS FRGM BREEDING CONTAINER (IF NECESSRRY?.
COHBRT ¢IDD 1 8) =CLHERT (IDD» BY +ADLNEW
ADLNEW=CCHART(ICO.O)

LARVAL MORTALITY,
Da 2 K=2:7
KI=K-1
HDENS (KI) =1,
IF (TOTAL S (IDD.K) L,LE,0.) GOTO2

TCMPS=0.,
SUM TOTAL EFFECTIVE CUMPETITORS,.
DB 21 RR=2)»7
21 TCMPS=TCMPSHALPHA (KT KX~-1) XTOTALS (IDD 1 XK)
ALLOW FER PAST BEAN EXPLOITATION IN BREEDING CONTAINER,
IF (IFLAG.EB, D) TCMS=TCHPS+TOTREC (5) ¥ALPHA (KT 14)
FIND PRCPCRTIONATE OENSITY DEPENDENT SURVIVAL.
(BY CONSIDERING THE PER BEAN DENSITY)
DENOM=1.
IF (TCHPS.GT.0.) DENOM= 1, +{TCIMPS/XNOBRS) ¥¥DDB (K I}
HDENS (K1) =DDS (K) ADENOM
UPDATE LARVAL COHORTS BY PROPORTIBNATE MBRTALITY,
D8 22 I=1.JEND(K)
I0Y=100-1+1
IFCIDY.LE.D) IDY=]IDY+24
22 COHORT CIDY K) =COHORT CI0Y 1K) XHDENS (K1)
2 CONTINUE
ACCCOUNT FOR MERTALITY IN TOTALS.
08 23 K=2,7
23 TETNLS C(IDD»K) =TOTALS (ID0 1K) FHDERS (K~1)

eVvIPESITION, ADULT MORTALITY AND EGG MIRTALITY (SKIP IF IFLAG=D
IMPLYING BREEDING CONTAJINER) .

IF (IFLAG.EQ. D) COTNS0
10 TADS=TOTALS (JD»8) +CUHART (JDD18)

[gielg]

noonoo

o0

IF (TADS.LE.D.) GOTOS0
SuM=0.
RhEW=0.
TOTEGG=TBTREC(1)

OVIPGSITION AND ADULT MBRTALITY.
DENGM=1.
IF (TOTEGG.GT.D..AND.DDA¢1) .GT.0.) DENGM=1.+ (DDA (1) XTOTEGG) *3DOB (7)
IF QLA (2) ,GT.0.) DENCM=DENCHX (1. + (DDA (2) XTADS) ¥=DDB (B))
CO 3 I=1,IGDAYS(3)
IDY=I00-1+L
IFCIDY.LE.Q) IDY=T0Y+21
RNEL=RNEW+CCHORT (IDY) B) 3AMBCA (1) /DENCM
COHOBRT(IDY 8) =COBHORTCIDY0) X (1,-COIS(I+0))

3 SUMESUMHCOHORT CIDY )

TOTALS (ICD.8) =SUM

REDUCE QVIPDSITICH BE SEX RATIA AND EGG INFERTILITY
RNEW=HSEXRTFRNEWHCORORT (ICD. L)
CCHBRTKIDD 1) =RNEWECFERT
TOTREC ¢1) =TOTREC (1) +RNEW

EGG MORTALITY.
DENGM=EXP (-~ (TRAMPLXTADS) XRPJLER)
0O 4 I=1,JEND(D)

4 COHGRT C(IDD=I+14+3) =CCHORT (IDD=I+14 1) XDENOM

TOTALSCIDD 1) =TATALS <IDD» 1) *DENBMCAHARTCIDD, 1)

END OF HOST SIMULATION, BEGINNING OF PARASITE SIMILATION.
RETURN IF IPARAS=D IMPLYING N3 FARRASITES.
S0 IF (IPARAS.ECQ.D) RETURN
IF CIFLAG.EQ, 1.AND, ICO,EB, 12 PCCHT (1+2) =PCOHT (1+2) +PADNEW
IFCIFLAG.EQ. 1.AND. JDD.EB. 1Y GOTA 100
IF CIFLAG.EB.0) PCCHT (ID0 V1) =0,

PARASITE DEVELORMENT FROM EGGS TG ADULTS AS ONE STAGE.
TOTLR(IDD 12 =0,

RNEW=0,

SuM=0,

J=IPDAYS (1)

IF (IFLAG.EQ. 1 .AND.J,GT, IDD) J=1DD

03 5 I=1.J

IDY=10D-1+1

IFCIDY.LE.DY IDY=IDY+21
ANEL=RNEWHPCOHT C(IDYy 1) ¥PCDIS (I 1)
PCOATLIDY 1 1) =PCOHT (IDY'¢ 1) ¥(1 . ~PGDIS (141 1))
SUM=SUMIPCOHT (10Y) 1)

TOTLR CIDD, 1) =SUM

IF CIFLAG.EQD. 1) RNER=RKEIHPCOHT{IDD»2)
PCOHT (IDD»2) =RNEW

TOTFRC (2) =TBTPRC (2) +RNEW

PCOHT{IDD» 2) =PCOHT (ID012) +PADNEW
PACNEWR=PCIAT(IDD . 2)

"

ATTACKS AND QVIFOSITIONS. NOTE 2 EQUATIONS FOR PARASITE SEARCH: ONE
FOR ATTACKS AND ONE FOR 3VIPOSITIONS. USES RANDOM PARARSITE EQUATION,
SKIP IF IFLAS=C IrMPLYING BREEOING CONTAINER.

IF (IFLAG.ER. D) RETURN
100 TPADS=TOTLP (10, 2) +PCORHT (IDD,2)

IF (TPADS.LE.0.)RETURN

J=IPDAYS (2)

DG 6 K=1+6

PSURV(K) =0,

6 POVIPIK) =0,

SUM=0,
LBCOP 7 FINDS YHE TOTAL ATTACKS AND DOVIPDSITIONS ON EACH HOST STAGE
BY EACH PARASITE ADULT COHBRT (AGE GROUR) .

L7e
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0B 7 I=1,J
IDY=I0D-I+1

TH=THNAGE (I
AP=APAGE (1)
FIND DENOMINATBR IN EXPGNENT BF ATTACK EQUATION FGR ATTS AND OVIPS.
03 71 K=1,6
DENATT=CENATT4HAPATT (K) XAPXTHATT (K) XTHHTOTALS (IDD 1K)
71 DENQVP=DENGVP4APEVIP (K) ZAPXTHOVIP (K) STHXTATALS (10D (X)
DENATT=1.40ERNTT
DENGVP=L , +DENGVP
SUM ATTACKS NHD OVIPS BY PARASITE AGE GREUP FOR EACH HOST STAGE.
(FIRST ALLOW FGR SEX RATIG)
PARA=APIPSEXRTXPCOHT (IDY2)
03 72 X=1.6
PSURV (K) =PSURV(K) +APNTT (K) *PARN/DENATT -
72 POVIP (K) =POVIP (R) +APBVIP (K) ¥PARA/DENCGVP
ADULT MORTALITES,
PCONHT (IDY2) =PCORT (IDY,2) *(1,-PGDIS(I»2))
7 SUM=SUMPCORT(IDYs2)
TOTUP (IDD.2) =5UM
DISTRIBUTE ATTACKS AND BVIPS AT RANOCM WITHIN A STAGE.
RNEW=0.
D3 8 K=1.6
PSUR=EXP {(—PSURVI(K) }
POVP=1, -EXP (—POVIP (M)
RNCW=RNEWHPOVEXTOTALS (IDD 1K)
IF (PSUR.GE.1.)GOTOB
DO B3 I=1+JEND(K)
COHBRT (IDD~I+1 1K) =PSURKCEHORT (IDD=I+1,X)
TBTALS (I0D»K) =TOTALS (IDD1K) ¥PSUR
CONTINUE
PCOHT (1004 1) =RNEWIPEGFRT
TBTPRC (1) =TOTPRC (1) +RNEW
TATLP (IDD» 1) =TOTLR (IDDs 13 +PCORT CIDD 1)

END OF PARASITE SIMULATION, END GF MODEL1 SUBRBUTINE.
RETURN

aQ
O =

END

SUBROUTINE GETDISJ(DM:DSIGyN«GDIS IGDAYSsGRIGNL 1 ORIGNAY
SUBRCOUT INE FOR DEFINING THE DEVELOPMENTAL DISTRIBUTIBN G FOR SIMULATI
MODELS. WUSES SKEWED DISTRIBUTICH FOR FIRST N~1 INSTARS (LARVAE) AND
NORMAL DISTRIBUTIGH FGR LAST INSTAR (ADULT) . T.S, BELLOWS,JR DEC 187

OIMENSION DMNY +OSIG ¢N) +GDIS (20N) « IGDAYS(N) L FDIS (20) «CUMOIS (2D)

CRIGIN=BRIGHL
DO 10 K=1+H
D0 1 I=4.20
GDIS (1K) =0.
NRD=N

[

c
G GET FDIS

IF (K.EQ.NAD) GRIGIN=GRICGNA
XU=0M K
X5=DSIG (K)

$=0,

FOIS(1)=0.

00 2 I=1.20

1F (K ,E0.N) BRIGIN=ORIGNA

(3]

XC=FLOAT(I) -1.40RIGIN

IF (K.EG.NADYGBTCE20
SKEL#Dx":‘BDEL.

(XC.EQ.D..CR.XC.EQ,.1.

Y=, /XC0-X /XS ygeTe2

YP={1,/7(XC=1.) =X /XS

S1=1,

IF (XC.CE.1.)51=515ABF (YP, IFAIL)

I;E {Eéi) =S1-515ABF (Y IFRIL')

S<ILLT.L.0E-CB) FO =0.

A IS¢ =D
NORML MADLL.
20 Y=(XC-x) /XS

YP=~XU/XS

IF OT.GT.1.) YP= (XC-XU=1,) /XS

FDIS (D) =S15ABF ¢Y, IFAIL) -S15NBF (YP, IFAIL)

IF (FDIS (1) LT 1.0E-08) FD =
2 S=SHDISLD 18 =0,

FIX CUMDIS.CDIS
FDISC1)=FDIS() /S
CUMDIS (1) =FDIS(Y)
GDIS(14K)=FDISK1)
00 10 I=2.20
Eggts)l‘é) =FDIS(I) /S
(I =CUMDIS (I=1) +F
DUM=1.-CUMDIS¢I-1) pIs (o
IF (DUM.LE.D.)GBYTO3
?gigo(xlél()xzfols (1) oUM
(I+K) .GT. 1,)Gi =
ceTan DIS(IK)=4.
3 GDIS(IK) =1,
10 IF (GDISCIWK) .LT.1.) IGDAYS (R)=1

CORRECT IGDAYS
DO 11 K=i,N
IGDAYS (K) = IGDAYS (K) +1
11 IF (JGDAYS(K) .GT.20) IGDAYS (K) =20

END OF GETDIS3,
RETURN
END

END BF SIMUL1 PACKAGE.

ve



SImMUL2

NOTRACE
PROGRAM SIMJL2 CINPUTQUTPUT TAPE L« TRRPE2) BATCH: TAPEG=0UTPUT TAPET=

+ BATCH)
C TWO-SPECIES SIMULATION MODEL, T.S. BELLBWS)JR. JAN 1873,
c

c

c
[~

n
e
—

REAL LAMBDA(1512)

DIFENSIGN HGENI (100) 1HGEN2 (100) +PGEN (10D) +COKTHO(21:812) 1COHTHI (21
+18:2)s  TOTLHO(21:7,2) + TOTLHI(24,812) « TOTRCO (B12) 1 TOTRC] (B42) 1COKT
+H0(21:2) 4 COHTP1(21:2) + TOTLPO (21 1)1 TOTLR1(24:2) s TOTPROC(2) 4+ T
+0TPRY (2) »GDUM (20,8 + IDUM(B) +HDISMJ(B+12) »HDISSG (0,2) ,PRISMI(2)
+PLISSG (2) »ADUL TS ¢2) + HMJOUM(B) »  HSGDUM(B) + ADNEW (2)

COMMON IGDAYS (8+2) +GDIS(20+8:2) +ALPHA (61612) 10DB (8»2) 1DDS(712) +LAM
+BCA DDA (212) sEGFERT (2) yBETA(B16+2) 1EGMORT (5+2) » IPDAYS (2) »PGDIS
+20:27 THAGE (20) » APAGE (20) » THATT(612) 1+ APATT (64 2) 1 THOVIP (6
+12) 1APAVIP(612) » PEGFRTHSEXRT (2) 1 PSEXRT+ XNCBNS 1 ADALPH (2, 2)

DIMENSION TITLE (2) « ISPOUT(2) »SPOUT (2)

DATR 10UT/6/+NAME/1/1 ISPOUT/3149/3 TITLE/2HA. 1 2HB . /1 SPBUT/4KNTRA » 4HN
+TER/ + ISHBRT/4/

20 READLIST ICUT:ISTART IEND IDAYHGENL s HGEN2«PGEN: TBTRCO, TOTRCS: TOTP
R0y TOTPRL: IPARAS ) HDISMJ HD ISSGPOISMU PDISSG)ALPHAYBETADOBDOS
+HAMBDA0DA:  EGFERTEGMIRYADALPH . THAGE s APAGE s THATT APATT1 THOVIPA
+POVIF1PEGFRT: COMTHS« TOTUHL 1 COHTPL,» TOTLR L,

BRGNHA 1 ORGNKL » BRGNP A » CRGNPL s HSEXRT1PS

BEGIN=24.CETDIS=22,G0=23:PARN

+
+EXRT 1 AOUL TS » NAME
+ XNOBNS 1 GCIS+PGOISH 1G

+5224,0UTPUT=25,END=99
+DRYS ) IPDAYS s IGEN ISHORT

INITIALIZE BEFORE START.
21 DO 211 I=1,28
TOMLPOCT. 3320,
00 212 J=1,2
TATLRILI =D,
CCHTPO (I ) =D.

212 COHTPLII N =D,

03 211 K=112

COHTHO (I.8,K) =0,

COHTHL (1:8,K) =0,
TOYLHICII8K) =0,

03 211 J=1.,7
COHTHD (I JiK) =D,
COHTHL (L2 JiK) =0,
TOTLHO (I41J4K) =0,
TOTLHL (1.J)K) =0,
CONTINUE

ISTART=4

COHTHI (3481 1) =ADUL TS (1)
COHTHY (14812) SADULTS (2)
GeTe20

[
C CREATE DEVELOPMENTAL DISTRIBUTICNS G,
C HESTS.

22 0O 228 K=1,2
00 222 1=t,8
HrUDUH D) =HD ISMI(T4K)

222 HSGDUM(I) =HDISSG (1.K)

CALL GETDISI (HMIOUM,HSGDUM 81 GOUM, IDUMs BRGNHL » BRGNHA)
08 221 J=I1.8

IGLAYS (J.K) = IDUMID

De 221 I=1.20

221 GDIS(Iv 1K) =GCUMLT D)

C PARASITE.

IF (IPARAS.EQ, DY GRTO20

c
=

(2]

CALL GETDIS3 (PDISMU4P
50 32910102 DISSG12+GOUM. IDUM) BRGNPL 1+ BRGNPA)
IPDAYS () =I0UMID
D00 223 I=1,2D

223 PGDIS(IyJ) =GOUMLID
GOTE20

SIMILATION SECTION.
i::yl{r (ISTART.GT. 1) 5OTA
1ALIZE SGM STGRAGE VEC ’
TaTLIE se VECTGRS BEFORE DAY 1.
TOTPRO (K) =0.
TOTPRS &) =0,
0B 4 J=1.8
TOTRCO (J1X) =0,
4 TBTRCI (UHK) =0,

IGEN=1
SUHS INITIARL ADULTS.
S2=0.

SP=0.

B8 & I=1.21
S1=SI+COKTHL (1484 %)
S$2=52+COHTHE (148.2)
SP=SP+COHTPL (19 2)
HGEN1 (1) =S}

HGEN2 (4) =52

PGEN (1) =5P

3 CONTINUE
SIMILATION LGgP,
CO ! I=ISTART.IEND

IDRY=tD (1, 21)
IF (IDAY.EQ.D) IDAY=21 .
IF(I.LT.21)GBTO3s
IF (IDAY.NE. 1) GATOIY
IF (1.EQ.22)GOTO7
STORE GENERATION COUNTS,
IGEN=IGEN+1
HGENS (IGEN) =TOTRCD (84 1)
KGEN2 (IGEN) =TOTRCO (B, 2)
S;ggr;(IGEg) =TOTPRO(2)
=1, SWITCH BLD BEAI
e N? FOR NEW: STBRE RECRUITS AND START AGAIN.
COHTPO (U 1) =COHTPS (Js )
COHTPL (4 1) =D.
TOTLPD (U1 1) =TBTLRLCUs 1)
TOTLPL ¢Jr 1) =0,
0B 8 X=1,2
C0 8 L=1.7
COHTHD (J oL «K) =COHTHI (JsL (1K)
COHTHS (JiL 1K) =0.
TOTLRO (I L oK) =TOTLHS CJrL s KD
TOTLHL (JsL 1K) =0,
DB 8% K=1.2
D0 81 J=4.8
TBTRCO (4 K) =TOTRCL ¢J» K)
TOTRC (J:K) =0,
TOTPRD (1) STBTPRI(Y)
TOTPRO (2) =TBTPRL Q)
TOTPR1 (1) =0.
TOTPR1 (2) =0,

o

—
~T

o

8

=
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31 ADNEW(L) =0.
ADNEW (2) =0,
PADNEW=0,
SXIP OLD BEANS IF TIME .LT. 21.
IF (I.LE.21)GeTe2
C DEVELGRMENT AND MORTALITY IN OLD BEANS.
CALL MCDELZ2 (Os IDAY1COHTHO S TBTLHO 72 TG TRCO s ADNEW, TPARAS s COKTPO, TOTL
+0 1, TABTPRO PADNEWD
C DEVELGPMENT: MIRTALITY AND OVIPGSITION IN NEW BEANS
2 CALL MCDEL2 (14 IDAY COHTHL, TETLH1,Cs TOTRCI 1 ADNEW, IPRRRS-CGHTPI-TBTL
1 21 TOTPR11PRONEWD X

1 CONTINVE
ISTART=IEND+!

END OF SIMULATIGN LOBP AND SECTIGN.
GoTR20

QUTPUT OF PARAMETERS.
24 CONTINUE
WRITE (JGUT, $CCOY NAME
WRITE (ICUT. 1000
IF (IPARAS.EQ.2) GOTO2331
C HKOSTS.
L0 243 X=1.2
GOUM(1, %) =0,
GOUM(1K+2) =0,
* 00 241 I=1.6
GOUMCI+11K) =ALPHA (T I+K)
GOUMLI+11K+2) =DDB (1K}
ALPHALI, 1K =0,
D3 242 K=3.2
WRITE (I0UT310) TITLE (K) 1Ky HOISMU (B4K) + HOISSE (B ¢K) s GRENHA ¢ HSEXRT (K)
+1 DDA (4 1K) 400D (71K) DDA (24K) +DDA (A1 K3 +ADALPH (K1 1) 1ADALPH (K12
+ Iy 1=148) 3 (LAMBOA(T4K) 1 I=19B) ¢
+ (I4129,38) « (LAMBDA (T4K) ¢ =9+ 155 +EGFERT (K ¢
+(EGMORTLI IR 1 I=1.5)

FRITE(IQUTOID“BRGNNLo CIyHOISMUCT+K) ¢HDISSG (I1K) 4DOS (1K) +GOUMLIIK
GOUM(I K42) ¢ I=14T7)
LRITE(IDUT.ma) §SI>0PT¢1> 1SPOUTLL) o (I I=846) o (T4 CALPHACTW LK) o
JE1B) 1 I3
mITE(IOUTdUZ) ISPOUT () +SPAUT2) « (I I=146) v (Iv (BETA(I2J oK) 4
J=316) 1 I21.0)
00 242 I=1.6
292 ALPHA (L 1K) =GOUM (I41 ¢K)
C PARASITE,
IF (1PARAS.ED. D) GBTO2D
2331 CONTINLE
VWRITE (IOUT. 103) POISHU (L) s POISSE (1) +ORIGNPLPDISMIC2) +PDISSG(2) 1ORG
PRy PSEXRTPEGFRT

oo

24

-

WRITECIGUT 104
D0 243 K=3.2

243 WRITECIOUTY 31K CTiAPATT (LK) » THATT (I ¢K) 1 APOVIP (1K) ¢ THOVIP (1K) o
+ I=1.6)

WRITE (I0UT105) (IeJ=1+5) ¢« (APAGE (I) 4 1=445) « (THRGE (1) 1 1=145) » (14 126
+10) (APAGECIY 1 I=6» 10) + {THRGE (1) ¢+ IZ6 2 I0) » (IaI=11415) 5 (APAGE (D) o
+I=11415) (THAGE (1) + I=11445) o (12 I=16,20) » (APAGE (1) + 12164200 »
+{THAGE (I} + I=16.:20)

GOTO20

[of
C OQUTPUT BF RESULYS,
25 CCHTINUE
WRITE(IOUT3000) NRHE
WRITE (JUUT» 106) IEND IDAY s IGEN (T HGEN (I «HGEN2 (1) +PGEN (D) 4 I=14 IGE
+H)

IF (ISKCRT.EQ. 1) GBTO20

WRITE(IOUT107)

DO 251 K=1.2

251 WRITE(ICUT 317D KyKe (TOTRCOCIWK) « I=34B) » (TOTRCL (I4XK) 2 I584B) s

+2 , (Is {TOTLHOCToJ 2Ky 5 J=3+72 9 1214210 ¢ (14 (TOTLHI 10 J0K) 3 d=148) 1 I=1,
+21

IF (JPARAS.EQ.0) COTB20

WRITE (IBUT;IQS) TOTPRO» TOTPRE (I, TOTLPO (T4 12 s TOTLPL ¢TI+ 1) s TOTLPI (I, 2
+ I=4.2D

GeTez0

100 FORMAT(IH +//11H +"PARAMETERS FOR SIMULATION")/+1H 125 (1H-))

110 FORMAT (IR 1//31K 15Xi1A2," HBST PARAMETERS: SPECIES“sI24"."
+ /11K «10X2" (1) ADULT LIFE=-TABLE PARAM".
+ “ETERS,"1/11H 14X "ADULT LIFE SPAN  MEAN"3XeF15.10
+/11H 122X "SORT" ¢ " (VARIANCE) "+ 3XsF 15, 1017y 1H »30X: “BRIGIN" 15X F
H.5:1/11R 121X "SEX RATIO "¢ “ (FEM “+5XiFO.5,//11H 114X "ADULT DENS

+ITY CEPENDENT PARRAMETERS FBR " "OVIPBSITION™ /s T174 " INTRARSPEC
+IFIC"./,T22."EGG CROWDING", 3X+"A= *1F15.10:3X,"B=
+ "“1F15.10, /93K »T20."AOULT CRBWD ING A= “iF15.10,  3Xi"B= "4F15,1
+03/yT47" INTERSPECIFIC” /1 T22+"EGG CROWDING ALPKA= V', Fi5.10

+1/,T20:"ADULT CROLDING ALPHA= "4F15.100 /70 JH 14X
+ “DRILY GVIPOSITION RECARD™«/»IH ¢18X:"DAY"y

IXeB(IX. I2¢2X0 1 /5y JH 18Xy "EGGS" ¢ IXs8F 7.3+ //11H 119X DAY
+"-1X 73X 124250 5 /11H 410X "ECGS" 14X 7FT .30 //0 IH 114X “PROP, OF E
+GGS FERTILE",3X,F8.5, Zv1H 4 14X, "EGG MIRTAL ITY PARAMCTERS (RO
+ ADULT TRAMPLING) *1/4 1K +T18, "M F15.3043X0 " 22" F15.100 /4 1H
+1TIG "ALPHA=" F13.812X) “RKO="1F13,8:2%¢ YTREYA="+F13.9)

101 FORH"!T(IH 1/77v1H 110X " (2) LARVAL LIFE=TABLE PARAMETERS.":5X:
"NOTE EGGS = INSTAR 1."1//+1H 114Xs“BRIGIN" 13X FB.5, /71 1K 1 "IN
+STRR"-4X. MU 12X "SIGT e 7Xe"PROR, DAILY SURV™ 16X A" 15X "B" ¢/
+IH 70 (1K=) 7¢/01H 1 I3.5F15,40))

102 FORMTLIH (/711K 10Xe" ("3 I8, I"eA44"SPECIFIC LARVAL INTERSTAGE
+"y  “COMPETITION COEFFI":
+ "CIENT MATRIX.” /1 15X "NOTE EGGS = INSTAR 0.”1/14H "S
+TAGE 2" 41X, 6 (OXi 146X 1/ 8H
+ID . "STG L ¢ lIlle GF10.715¢/¢ 3H 1+ 1711X%,6F
+10.7

103 FORMT(H +//¢1H 45Xi"C., PARASITE PARAMETERS."1/yiH 410X " (1) LIFE
="+ "TRBLE PARAMETERS,"»5Xs"MEAN" 16X: "SORT (VARIANCE) OBRIGIN" (v
+13H 1 16X, “LARVAL DEV., RATE",12Xs2F15.1013X:FB.5:/11H 117X, "ADULT
+ LIFE SPAN" 12X, AF15.10:3XFB,50 /71 4H 184X "ADULT SEX RATIG (F
M " 2XF8,51 /1 3H o 14X, “PROP. EGGS FERTILE 'y 2X1FB.5)

104 FORMATC(IH +/»121Xe" (2) PRIMARY VALULS OF SEARCH PARAMETERS.™)

114 FORMAT(IN +/+15Xi"HOST SPECIES"»I2: 12Xy "ATTACK"y 13X, "OVIPASITION"
+/y 20X, “STAGE (EGGS=1)"+2X:2("A" 1 10Xs"TH" 190 B (/1 1H 124Xy I147Xe4
+H11.7)

105 FORMAT(IN /415X, "DAILY CHANGES IN SENRCH PARAMS (PROP. OF PRIMARY
+ "y "VALLE) "4 4 (//120Xe "ADULT AGE" 13Xi 1294194/924%1 "R" 14X15F 10,71 7
+23Xe " TH" 4Xs5F10.7))

106 FORMAT(IH «//¢1H +"RESULTS OF SIMULATION"s/¢3H 121 (JH=) +/26Xs
+ “THIS SIMULATION RAN FOR "415¢" DAYS."s/96Xe“THE LAST CAY OF T
4+HE “CURRENT SAMPLING PERIOD WIS DAY "¢ I24"."»/,6Xs " THERE
+HERE ". I3, " COMPLETE GENERATIGNS.'"»//iaXs*A. ADULT PDPUL
HNTICN SIZLS." e/ 19X "GENERNTION" 1 5Xs "HOST 1" ¢ 7Xs"HOST
+2" 16X "PARASITE" 150 (/¢ 12Xs I3 14X, IF 4.5

107 FORMT(IH »/44X: "B, INFORMATION ON THE CURRENT (INCOMPLETE) "
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+ " GENERATIDON.™)
117 FURmTuH 1 Z19%e " (0 Ila") HOST POPULATICNs SPECIES"1J24"." s/ 14%s
“THE TOTAL RECRUITS *
+ “INTQ EACH STRGE FROM THE OLD AND THE NEW BEANS".//»iH
+ 15X "EGGS™" 17X "1 eEX 2" 48X "3 BX, 4" 16X "PUPAE" 12X "AD IN
HPEA" 12X "EM AD" /1 1H “OLD" s BFO.41/v IH o "NEW"sBFQ, 44 //1 14X "

+THE TOTNL NUMDERS PRESENT IN EACH *y*INSTAR ON EACH DAY WERE",/sIH
+ y"OLD DEANS"»/y1H »"DAY" 12X "EGGS"s6X: " 1"y 8Xs"2"18X1"3" 18X V4" 16
+X:"PUPRE" 12X, "AD IN PEA"121¢/11H 1J247F8. 40 v/ 71 1M +"NEW DEANS
+"0/e1H DAY 2X1HEGGS" 16%s " 1"y OXy “2" 18X "3 4 DXy "4% 16X, “PUPAE

+ 2% "ND IN PEA™12X0“EM AD" 421 (/0 IH +J24BF3,4))

c
108 FORMAT(IH 1//98X%e" (2) PARASITE PBPULATION."s/» 14X, "THE TOTAL RECRU

+ITS"+" TO THE LARVAL ¢ = EGGS + LARVAE + PUPAE 4"/ 14X, “PRE-EMERG
+HNT " "AGULTS ) AND ADULT STAGES."s//120Xs "LARVAE" +6Xy "ADULT
45" 1/ 14X, "OLD"» 2F12,44/0 14X "NEW" »2F 12,45 //1 14X, " THE TOTAL NU
+BERS PRESENT ON EACH “DAY WERE™ s /71 14X "DAY" 13Xy "LARVAE (0L
+0 BNS) LARVAE (NEW BNS) "2DBXs “ADULTS"121 (/115X 12:3F 19.49))

c
1000 FORMATUH /70 tH 2 "BUTPUT FROM THE 2-SPECIES SIMULATIBN PROGRAH"s/

a0 on

aonaon

+s  1H +"PROBLEM NAME "y I4)

END OF MAIN RQUTINE SIMIL2.
99 STBP
END

SUBRDUT!NE MADEL2 (IFLG, JIDAYCOHOR T TBTALS + M TOTREC s ADLNEW: IPARAS s
COHT» TATLP NP TATPRC « PADNELD
SUBRBUTINE FBR 2-5PP SIMILATICN MIDEL WITH PARASITE.
T.S. BELLEWS,JR. JAN 1979

INPUT AND COGMMON VARIADLES.
DI?{NS!BN COHORT (2148,2) » TOTALS (214N 2) +TOTREC (B+2) »PCORT(2112) 4
TOTLR (21 +14P) » TOTPRC (2) » ADLNEW (2)

REHL LAMBDA (15.2)

COMMBN IGDAYS (842) +GDIS (2048+2) + ALPHA (615+2) +DDB (8.2) »DDS (712) 1LAM
+BDAy DOA €2, 2) yEGFERT ¢2) yBETA (6161 2) +yEGMIRT (5,2} » IPDAYS (2) 4PGDIS
+(2042) 4 THAGE (20) +APAGE (20) » THATT (612) 1APATT (642) » THOVIR (G
+42) JAPEVIR (G+2) » PEGFRTIHSEXRT (2) +PSEXRT 1 XNOBNS» ADALPH (2:2)

LOCAL VARIABLES

DIMENSIGN JEND (7,2 +HDENS (612) +PSURV (51 2) »POVIP (6+2) »CEGGS (2) +CADS

+(2) TADS (2)

SOME INITIAL DEFINITIONS,

IFLAG=IFLG

IDD=10RY

J10=100-1

IF¢ID.EQ.D) ID=21

JEND (§+ 1) =100

JEND (112 =100

IF (IFLAG,NE.1,0R. IDD.NE. 1) GOTC9
COHORT (1,8, 1) =COHGRT (1484 1) +HNOLNEW(L)
COHORT (11842) =COHORT (1482 2) +ADLNEW(2)
GoTaio

IFCIFLAGWNE, D) GOTCOE

COHBRT LICD. 14 12=0.

COHBRT(IDD,1:22=0,

91 CONTINUE

a

c
C HOST DEVELOPMINT = EGGS THRBUGH ADULTS (BOTW SPECIES),

DO 1CO ISP=31,2
D0 1 K=1.7
RNEW=0.

(3]

aoon

SUM=0,
JEND (X4 ISP) =JGDAYS (K1 ISP)
IF CIFLAG.EQ, 1 .AND.JEND (K4 ISP) ,GT, IDO) JEND (K« ISP) =1DD
BREED CCHOGRTS FROM IDD BACK TO TII‘E I0Y
D3 11 I=1,JEHD(K.ISP)
1DY=IDD-J+1
IFCI0Y.LE.O) IDY=1DY421
RNEL=RNEVHCOHORT (TD YK ISP) XGDIS (14K ISP)
COHCRTCIDY X+ TEP) =COHORT (IDY K4 ESPY X (1 -GDIS (14K ISP))
11 SUM=SUMHCBHORT (IDY K4 ISP
© TOTALS (ICO+X« ISP) =5UM
NEW COHORT=RNEW. ADD THOSES IN COHGRT (USUALLY ZERG) TO PERMIT
USER T8 ADD RECRUITS.
IFCIFLAG.EQ. 1) RNEW=RNEW+COHORY (IDD K41, ISP)
COHORTCIDD+K+14 ISP) =RNEW
1 TOTREC (K+1+ ISP) =TBTREC (K+1+ ISP) +RINEW
ADD ADULT RECRUITS FRGM BREEDING CONTARINER (IF RECESSARY) .
COHCRT (IDD+B» ISP) =CZACRT (IDD, B+ ISP) +ADLNEUW (I5P)
ADLNEWCISP) =COHERTIDD 8. ISP)
100 CONTINUE

LARVAL MBRTALITY.
D0 200 ISP=31.2
1SP2=2
IF(ISP.EQ.2) ISP2=3
D3 2 K=2,7
RI=K~1
HOENS (KT ISP) =1,
IF (TATALS ¢(IDD«K 4 ISP) LLE.D,)GOTO2

TCHPS=0.

SUM TOTAL EFFECTIVE COMPETITORS,
DB 21 KK=2,7

21 TCHPS=TCMPS+ALFHA (KIRK~1) ISP) XTBTALS (10D +XK+ ISP) +BETA (KI1KK=14 ISP
+)%¥  TOTALSCIDD, KK, ISP2)

ALLOW FGR PAST BERN EXPLOITATION IN BREEDING CONTAINER.

IF (IFLAG.EQ. D) TCMPS=TOMPS+TOTREC (50 ISP) XALPHA (K44, ISP) +TOTREC (54 1

+5P2) %  BETAKI«4:I5P)

FIND PROPGRTIONATE DENSITY DEPENDENT SURVIVAL.

(BY CONSIDERING THE PER BEAN DENSITYN

DENOM=1.
IF (TCMPS.GT,.0.) DENOM=L 4 + (TCMPS/XNOBNS) *¥DDD (KI+ ISP)
HOENS (KIy ISP) =DCS (K« ISP) /CENBH
UPDATE LARVAL COHGRTS DY PROPBRTIONATE MBRTAL ITY,
D0 22 I=1,JEND(K.ISP)
IDY=100~T+1
IF¢IDY.LE.D) IDY=]DY+21
22 COHORT(IOYK s ISPY =COHCORTCIDY 1K+ ISPY FHDENS (KI+ ISP)
2 CONTINUE .
200 CONTINUE
ACCOUNT FOR MBRTALITY IN TOTALS.
03 230 I5P=1.:2
00 23 X=2.7
23 TOTALS C(IDD K+ ISP) =TBTALS (IDD+ K+ ISP XHDENS (K=14 ISP}
230 CONTINUE

GVIPOSITIONs AQULT MBRTALITY AND EGG MORTALIYY (SKIP [F IFLAG=0
IMPLYING BREEDING CONTAINERY,

IF C(IFLAG.EC.0) GOTO50
10 CONTINUE

TADS ¢1)=TATALS (ID:04 1) +CBHORT (JDD1 81 1)

TADS (2) = TOTALS (ID«B+2) +COHOAT(ID0+B+2)

CNDS ¢1) =TADS (1) +NOALPH {11 2) XTADS ()

CADS (2) =TADS (2) +1DALPH (212) 3TADS (1)

CECGS (1) =TOTREC (14 1) +TOTREC (1+2) *ADALPH (14 1)

Sve



CEGCS (2) =TOTREC (§+2) +TOTREC (1, §) xADRLPH 2,1
CQ 400 IsP=1,2
éF(TﬁDS (ISP) .LE.0,) GOTA400
U .
ANEW=0.
c GVX€BSéTIGN AND ACULT MORTALITY.
&N

IF (CECOS ¢(ISP) JGT.0..AND.DDA(14ISP) .GT.D.)DENBM=1,+ (DDA (1, ISP) XTEGG

+S(ISP)} *3DLB (72 ISP

IF (ODN (24 ISP) .GT.0.) DENOM=DENDOMX (1 .+ (DDA (2+ ISP XCADS (ISP) ) XXDOB (B,

+ISP))
00 3 I=1,IGDAYS(B)ISP)
IDY=1DD-I+1
IF(IOY.LE.Q) IDY=I0Y+2)
RNEW=RREWHCOHURT CIOY 81 ISP) XLAMBDA (I ISP) /DENGM
CORORT(IOY» B, ISP) =COHORTCIDY» 8y ISP) % (1.~-GDIS (]84 ISP))
3 SUM=SUMICOHBRT(IDY. 0y ISP)
TOTALS (ICO+ O+ ISP) =5UM
C RECDUCE OVIPDSITION BY SEX RATIO AND EGG INFERTILITY.
RNEW=HSEXRT (ISP) XRNCIHCOHORT CIDD 1 1 ISP
COHORT(IDD» 1y ISP) =RNCUWIECFERTCISP)
TOTREC (1, ISP) =TBTREC (1 » ISP) +RNEW
<00 CONTINUE
C EGG MORTAL ITY. STORE PROP. SURV. IN CEGGS.
- .aTBl EGMBRT (14 1) ®(1.-EGMBRT (I, 1) XTADS (2) XIEGMIRT (5,123 %
TADS (1) ITGIMART (24 1)
STBE EGMORT (1,2) (1, -EGMBRT (34 2) XTADS (1) ¥¥EGHART (5,2 ) %
TADRS (2) TEGMIRT (2122
CEGGS (1) =EXP (~STO1-EGMIRT (4, 1) ¥STD2)
CEGGS (2) =EXP (~EGMERT (4, 2) ¥STR1-5T02)
D0 300 ISP=1,2
03 4 I=1,JEND (L1 ISP}
4 COKORT(ICO=I+1+1» ISP) =COHSRT CI00-I+1 ¢ 14 ISP) XCEGGS (ISP
TOTALSCIDD 1+ ISP) =TBTALS (10D« 14 ISP) ¥CEGGS (ISP +COHBRT(IDD 1,4 ISP)
300 CONTINUE

C END OF WGST SIMILATION. BEGINMING OF PARASITE SIMULATIGH,
C RETURN IF IPARAS=0 IMPLYING NO PARASITES.
50 IF (IPNRAS.EQ.0) RETURN
IF(IFLAG,EQ. 1. AND. ICD. EQ, 1) PCOHT (1, 2) =PCOKT (14 2) 4PADNEW
IF(IFLAG.EQ.1,AND, IDD.ECQ. 1) GO TOL000
IF (IFLAG,.EQ.C) PCAHT (DO 1) =0,

c

C PARASITE DEVELOPMENT FROM EGGS T8 ADULTS AS ONE SYAGE,
TATLR (IDD» 1) =D,

RNEW=D.

SuM=0.

J=IPDAYS (1)

IFC(IFLAG.EQ, 1 .AND . J,GT, IDB) J=IDD

00 5 I=1,J

10Y=I00-I+1

IF(IDY.LE.D) IDY=IDY+21

RNEW=RNELHPCDHT (IDY) 1) XPGDIS (I, 1)

PCCHT (DY) 1) =PCOHT(IDY» 1) X (1. ~PGOIS(I, 123
SUM=SUMPCOHT (IDY4 1)

TOTLP(IDD, 1) =5UM

IF CIFLNG.EQ, ) RNEW=RNEWHPCORT (IDD» 2)
PCOHT (IDD+2) =RMEW

TOTPRC (2) =TOTPRC (2) +RNEW

PCOHT (IDD»2) =PCOHT (IDD,2) +PADNEW
PRONCH=PCOHTCIDD2)

c
C ATINCKS AND OVIPOSITIBNS, NOTE 2 EQURTIONS FBR PARASITE SEARCH, ONE
C FCOR NTTACKS AND UNE FOR OVIPOSITIONS. YSES RANDOM PARASITE EQUATION,

5

C SXIP IF IFLAG=D IP‘PLYING BREEDING CONTAINER.
IF (IFLAG.EQ.0X RETU!
1C00 TPADS=TOBTLP(I0.:2) WCGHT(IDDQ)
IF (TPADS.LE.O.IRETURN
J=IPDAYS (2)
00 & K=146
PESURV (K1) =0.
PSURV(K,2) =D,
PEVIP(K,1) =0,
6 POVIP(K:2)=0.
um=0.
C LCGGP 7 FINDS THE TOTAL ATTACKS ANO QVIPOSITIONS ON EACH KOST STACGE
C BY EACH PARASITE RDULT COHORT (AGE CROUPY .,
€0 7 I=1.J
IDY=10D-I+1
IF(IDY.LE.0.) IDY=IDY+21
CENATT=D,
DENOWP=(0.
TH=THAGE (D)
AP=NPRGE (1)
C FIND DENOMINATOR IN EXPONENT OF ATTACK EQUATICN FOR ATYS AND OVIPS.
00 71 X=1.6
DENRTT-DEM‘ITmPﬂTT (K1 1) ¥APETHATT (K1 1) XTHEXTOTALS (ID0 1K« 12
HAPATT (K1 2) FAPFTRATT (K2 2) ¥THXTOTALS (IDD«K42)
71 DENBW"DENGVP-H)PUVIP (Ky 1) FAPXTHOVIR (K4 1) XTHFTOTALS (IDD1 %y 4
+HAPOVIP (K1 2) YAPXTHIVIP (K +2) XTHXTBTALS (10D /X4 2)
DLNFITT—I +DENATT
DENBVP=1,+DENCVP
C SUM ATTACKS AND GVIPS BY PARASITE AGE GROUP FOR EACH HOST STAGE.
C (FIRST ALLOW FBR SEX RATIO)
PARA=APIRSEXRTHPCOHT ¢IDY,2)
DG 72 K=1,b
PSURV (X, 13 =PSURV (X1 1) +APATT (K4 1) 3PARAADENATT
PSURY (K1 2) =PSURV (K 1+ 2) +APATT (K + 2) XPARA/DENATT
POVIP (K1 1) =POVIP (K, 1) +APAVIP (K4 1) XPARAR/DENGVP
72 POVIP(K,2) =PAVIP (K1 2) +APBVIPR (X 2) XPARA/DENGVP
C ADULT MORTALITES.
PCOHT(IDY2) =PCEHT (IDY»2) X (1, ~PCOIS(I:2))
7 SUM=SUMHPCOHT CIDY» )
TOTLP (IDD»2) =SUM
€ DISTRIBUTE ATTACKS AND OVIPS AT RANDOM WITHIN A STAGE.
RA!

EW=0,

DG 800 ISP=1,2
DB B8 K=1,0
PSUR=EXP (~PSURV(K: ISP) )
POVP=1.,-EXP (~POVIP (K: ISP))
RNEW=RNEWHPOVPXTBTALS C(JOD K4 ISP
IF (PSUR.GE.4 .) COTO8
0B B3 I=!+JEND (K, ISP}
COHORT (IDD=J+1 K¢ ISP) =PSURKCAHCRT (IDD=-I+2 « K1 ISP)
TOTALS (ICD, K ISP) =TBTALS CIDD, K. ISP) 3PSUR
CONTINLE
B00 CONTINUE

PCONT(IDD4 1) =RNEWPEGFRT

TOTPRC 1) =TBTPRC (1) +RNEW

TBTLR (JOD+ 1) =TOTLP (I0D+ 1) +PCAHTCI0D 1)

OF PARNSITE SIMULATICN. END OF MODELY SUBROUTINC,
RETURN

8

Q -

oo
2
o

END

ao

SUBROUTINE GETDIS3(DM:«DSIGNGDIS IGDAYSORIGHL » ORIGNAY
C SUBRAUTINE FBR DEFINING THE CEVELOPMENTAL DISTRIDUTION G FOR SIMILATI

32



c
Cc
c
c

MBOELS, USES SKELED DISTRIBUTIGN FBR FIRST N~! INSTARS (LARVAE) AND
NCORMAL DISTRIBUTION FBR LAST INSTAR (ADULT . T.S. BELLOWS,JR DEC 197

OIMENSIGN DMIN) +DSIG (N) sGDIS (20 N) ¢ IGDAYS (N) +FDIS (20) +CUMDIS (202

ORIGIN=ORIGNL
DO 10 x=f»n
DO 1 I=1.20
GOIS(INK)=0.
NAD=N

-

GET FDIS
IF (K. EQ.NADY CRIGIN=BRICNA
XU=DM(K)
X5=DSIG (K>

5=0.
FDIS(L =0.
00 2 I=1.20
IF (K.EQ.N) BRIGIN=0RIGNA
XC=FLOATCD) 1. +0RIGIN
IF (K.EQ.KAD) GBTB20

SKEWED MODEL .
IF (XC.EQ.0..0R.XC.EQ,1.)GOTO2
Y= (1 XC=-X0) /XS
YP=({.,/7(XC-1.) -X1) /XS
S531=1.
IF (XC.GE.1.) S1=515ABF (YP» IFAIL)
FDIS (1) =S1-S15ABF (Y, IFAILY
IFCGFDISCD LLT. L. OE-OB) FDIS (I =0,

GoTe2

NORMAL MODEL .

20 Y= (XC-XU) /XS
YP=-XU/XS
IF (XC.GT. 1.0 YP= (XC~XU=1.) /XS
FOIS (1) =S1SABF (Y« IFAIL) =515ABF (YP. IFAIL)
IF(FDISCD LT, 1.0E-QB)FDIS (I =0.

2 S=S4FDRIS(D

FIX CUMDIS)GDIS
FDIS (D =FDIS(1) /S
CUMDIS (1) =FDIS K1)
GOIS (1,K) =FDIS (1)
00 10 I=2,20
FDIS(D =FDIS (I /S
CUMDIS (1) =CUMDIS ¢I-1) +FDIS (D)
DUM=1.—CUMDIS (I-1) ,
IF (DUM.LE.D.> GOTO3
GDIS (I(K) =FDIS (1) /DUM
IF (GDIS(I4K) WGT.1.)GDISCNK) =1,
GBT010
3 GDIS(I.K =1,
10 IF(GDISCIIK).LT.1.) IGDAYS () =1

CORRECT IGDAYS
DC 11 K=1,N
IGDAYS (X) =IGDAYS (K) +1
11 IF CIGOAYS (K) .GT.20) JGOAYS (K) =20
END CF GETDIS3.
RETURN
END
END OF SIMJIL2 PACKAGE.
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C.a DENDEP
densiy .

Object: to fit{dependent models to data,

Readlist variables:

XDATA: vector of initial number of individuals.

YDATA: number of survivors at each density.

wTS: (optional) weights to be applied to the data during fitting.

X: contains estimates of the parameters a, b and d.

M: number of data points.

MODEL: values of 1, 2, 3 and 4 select models corresponding to

entries 4, 5, 7 and 6 in table 2.1,
N: the number of parameters being fitted. Usually 3, but a value
of 2 fits only the parameters a and b, leaving d fixed at what-
ever value is in the third element of X.

NAME: a four digit or smaller integer used for identifying a
particular data set.,

I0UT: specifies output at the terminal (=6, assumed) or on the
line printer (=7).

Readlist options:

BEGIN: required initial step after input of data.

¢DATA: prints the current data set,

REPS: provides analysis of replicates.

FIT: fits the data to the model specified by the parameter MODEL

by a nonlinear least-squares technique.

FIT1: fits the single-parameter density independent model 5 = aN
to the data for comparison with the fits of density dependent
models, ‘

FIT2: fits entry 6 of table 2,1 by an alternate method,

ANOVA: tabulates results of last analysis.

ANDVAS: short version of output from ANOVA,

PLOT: stores a plot of fitted results for later printing on the
line printer.,

DATAIN: inputs data from an optional data tape.

REWIND: rewinds the optional data tape.

END: terminates execution.

Required additional subroutines: REPANA, VBO3A, MBO1A, VDOZA, MCO3AS,
CHCKF, CHCKG, ANOVA, These subroutines are included at D.7. In
addition the NAG library subroutine LO4CAF is used in executing the
option FITZ,

Notes: If plots are required, it is necessary to include the addi-

tional programme PLOTFR (page 359 ) in the permanent file
base and the subroutine PLUT1 in the library LIBM,




DENDEPR

NOTRACE
PROGRAM DENDEP (INPUT,OUTPUT:BATCH TAPEY » TAPER TAPES=BUTPUT,
+ TARPE7=BATCH . PLTF IL » TRPEB=PL TF IL + DATAFRy TAPE3=DATAFR)
OIMINSICN RC120) +X (D) 1EPS (D) 1PLATX (A1) +PLOTY(BL) +H(21) ¢
GSEND (120,

+
COMBN XDATA (1200 + YDATR (120) +EXPCTD (1200 «RESID (120) + XJRC (1204 3)
+

1P ToWTS (120) +MOQEL G (D) +XUTI (313D dH (34T
COMMON /CREPY/ PESS NDFPE/SSTRTCORSSCOR
COMCN ~CST21/ STBL (120) .STR2(12D)
CeM-ON /CANBVL/IOUT
COMMON ATUNIAM
DATA 1BUT/6/:CATNAM/10H /1 X%
CATA NATE/1/
EXTERNAL RESFR,LSQOFR
EXTERNAL FUNHSL MONIT

20 READLIST XDATAYDATAWTS XsMMIDEL + Ny IPRINTMAXCAL Gy NAME,

1ISTBPFIT2=124,Gs FDRTATN=91 REHIND=7

+ 4+ 4+

30 CALL MAKE(XiRyNs 1D
GOTO20

. Bl WRITE(IBUT)126) DATNAM
126 FORMAT(IH «10KOATA NAME »3X,A10)
GAT020

21 CALL REPANA(1:D.}0

IPRINT=5

DB 10 I=1.,N
10 EPS (1) =X(I}*1,0C-07
JoUT=6

MM
0B 50 I=1,M

50 WTS(D=1.
STCPMX=1.0E+06
GOTR20 .

22 WRITEIQUT, 28) NARrE
WRITECIDUT 1COY (1 XDATALD « YDATACD) (WTS (D) s I=14t0

100 FORMAT(IH 1/11H 1 SHDATA: 7Xe 1HX e 15X IHY s 14X SHUTS /11H
+ 4 (IH-) 1100/ 1H 4 1D 1X:3F15.7))
GBTB20

23 WRITE(IGUT,28) NAME

70 FORMAT(IH 7HMICEL , I4)
CALL REPANAL2:0.M0
GOTO20

24 CONTINUE
CALL VBOJA (M1 K XsEPS» R GSEND + STEPMX: IPRINT« MAXCAL » 120410
GOTG20

124 JFAIL=1
TN+
CALL EDACAF (N1 XaRSS(EPS: STEPMX ISTOR 1o IHs FUNHSL +MONIT,
+ IPRINT: MAXCAL « IFALL)
PRINT 125:IFAIL
125 FORMAT(IR »7HIFAIL= +I1)

ACCURIRSS(EPS Py T\ JBUTSTEPMX BECIN=21+PDATA=22,RCPS=23,
FIT=24,PLOT=25/ANBVA=27 + ANBVAS=1004,DATAIN=041END=99

sTITLE=61 s MKE=J04FIT1=162,SHITCH=5C0

62

25

42

1

—

c
1004

27
1005

a9

73

81
04

02
9

-

g2

182

B

w

08 62 I=1.]

DA 62 J=1.3

WTJ LoD =0,
IFCLEQ. D XITI LD =1,
GOTR20

DX=XDATA (0 /B1.

YEST=0.

THAX=YDATA (D)

C0 €42 I=2.M

IF(YOATA (D) ,GT. YFAXD YMAX=YDATA (1)
03 11 I=1.8¢

PLBTX (D) =FLOAT (I-1) DX

SPLOTY (1) =FUNFRAPLOTX (L) s PLOATY (1) 1 YESTe X (1) ¢ X(2) s X (D))

HRITE (B) NAME

Egig‘géﬂ) MPLOTXPLBTYs (XDATA (1) + YDATA LI +RESID (D) ¢ I=14MD + YMAX

IPAN=1

GOTOe1005

IPAN=2

WRITE (IOUT,28) NAME
FORMAT(IH +SHPROBLEM .14
WRITE (IOUT) 70) MODEL

CALL CHCKF (MsN:X1RRSS)
CALL CHCKG{M:Ny X R}

CALL ANBVA (MiN+RSS+X» IPAN)
GeTe20

CONTINUE
NAME=—1
LRITE (8) NAME
ENDFILE 8
STOP

REWIND 3
coTe20

READ (3484 DATNAM M

FGRMIT(AL0: /4 I

00 82 I=1.M

READ (3:8) XDATA (D) « YDATA (I) «WTS (D)
FORMAT(3F10.0)

IF (WTS (D) LEQ.DOIUHTS (D) =1,

GOT020

RERD (3:849) DATHAMIM

00 92 I=1.M

READ (383 YDATA (D) « XDATA (D) +WTS (D)
IF (WTS(D LEQ. 0O HTS I =1,

GOT020

$=0.

$5=0.

DG 63 I=1:M

S=5+XDATA (1) XDATA (DD
SS=SS+XPATA (IY XYCATA (D
CONT INVE

SLOPE=55,5

S=0.

00 B4 I=14M

EXPCTO (1) =XDATA (1) FSLOPE
RESID (I =YOATA () —£EXPCTO (D)
SESHRESID AN XNESID (N

67



64 CONTINLE

X¢4) =SLOPE

SS=CORSS~5

R2=100.%33,CORSS

WRITE (I0UTy 1312 SLOPE,5S5151CORSSR2

138 FDRrﬂT(" “y /v "y "FBR $1-PARAM LINEAR MODEL S=D¥N"e/»™ ™y

+ {SHRESIOUAL SS +E20.12»/¢" "' IGHTOT(CORR) SS  +E20
+. 1247/

500

50

-

10

1

-

(+1}

o

WDz, 13X E2D. 124 /0™ "+ IBHREBRESSION 5SS  1E20,12e/0" 4

" "y BHR2 +10XF10.614
MODEL =5
GATEe20

08 501 I=L,M
C=XDATA I}

XDATA (1) =YDATA (D)
YOATA (I =C

GaTe20

END

SUBROUTINE CHCKF (Mi+XsRyRSS)

DIMENSION X(M) R (M

CBH‘BN XDATA (120 + YDATA (120 »EXPCTD (1203 yRESID (120) +XJACK120+D)
1P To TS €120) »MODEL G (3) » XJTJI (31 1 H (3 D)

CRLL RESFR(MiN+X4R}

s=0.

WS=0.

03 10 I=1/M

S=S+RESID (1) MRESID (D

WS=HS+HR () AR

RSS=S

WRSS=WS

RETURN

END

SUBRGUTINE CHCRG (MyNeX4R)
DIMENSION X(N)»R(M

CALL LSOGFR MM XR)
RETURN

END

SUBROUTINE RESFR (MsN+XP»R)

DIMERSION XP (N) »R (M

CGH"QH XDATA (120) » YCATA (120) +EXPCTD (120) »RESID (1202 » XJAC (1204
1Py Ty WTS (1200 «MODEL «G¢3) + XJTI (34D »H (34D

CGH’“‘UN ,CSTOL/ STBL(120),ST02¢120)

YHAT=0,

A=)P (1)

B=X2(2)

C=XP (3

00 3 I=1M

IF¢I.EQ.12G0T0LL

IF OXDATALI) LEQ. XDATA (I-1) ) GOTCB

X=XDATA (I}

STO2¢ ) =0,

G3TO¢5:6,7,0) MODEL

STR2 (1) = (XM =3B

STOL (D) =XFEXP {~-STR2(I})

YHAT=CXSTOL (1>

GoTa4

STA2( ) = (X/R) =B

STA1 ¢I) =XK1, +5T02(1))

YRAT=CXSTQL (2

GaTaq

~

STO2(I) =X ¢ (X-A) /B
STOL 1) =X/ (1. 45TB2 (1))
YHAT=CX¥STB] (1)

GoTo4

8 STOL (D) =XCR (4. +XM) 7 ()

(22 A ]

1

-

YHAT=CXSTOL (D2

GOTO4

STOL (1) =STO1(I-1)

STR2 (1) =5T02 ¢(1-1)

EXPCTD (12 =YKAT .
R =YDATA LD BTS (D —YHRT
RESID (DN =YDATA (D) ~YHAT
RETURN

END

SUBROUTINE LEOFR (MsN.XP,RY

DIMENSION XP (N) R

COMrOA XDATA (120) « YDATA (1205 + EXPCTD (1200 +RES ID (120) + XJAC ¢120:3)
+ 1Py ToWTS (1200 VMODEL G () « XJTJI (I (H O D

COMON /CSTDL/ STOL(120) 45702 (1200

A=XP (1)

8= (22

C=xP (D)

B0t I=1M

IF(I.EQ. 2G0T

IF OOATA LD LEQ. XDATA (1-1))60TR2

X=XDATA (I}

FS=5TBI (I

Gs=5T82 (I

YHAT=EXPCTD (D)

XJ3=—F5

GATE (31 4:5+6) MBOEL

3 XJ1=-B/AXYHATGS

XJ2=GSXYHATRALOG (R
GaTa2

4 XJ1=-8 AXTSEYHATIFS X

XJ2=YHATH SACGSFALGG (XA
GaTE2

5 XJ1=-YHATIGCE B/ (1.4GS)

- nNo

10

~

XJ2=-YHAT/ (1 .4G5) 3GSE (X-A) /BB

GOTo2

XJ1=-BICE XA X OUR) X1 +X/R) $X (D=1, )
XJ2=YHATXALOG (1. +XR)

XURC (T 1) =XxJ8

XJAC (I 21 =XJ2

M
O=D+XJIAC (K I) 3R (K)
G(12=2.0%D
£=0,
02 10 K=i(M -
EsE+XJAC Ky ) XXJAC (Ko )
XJTI (v ) =E
XITJ U I =€
CONTINRUE
RETURN
END

FUNCTIDN FUNFR(Xs Y1 YHAT:A1BC)
COrPCN XDATA (1207 » YDATA (1207 » EXPLTO (120) »RESID (120) + XJAC (120, 3)
+ Py THITS (1200 »MODEL»G () + XJTI(343) 1H(343)

ps¢g
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1

=

11
10

i

COMBN /CRESF1/ ACCUR
GOTO(1:2:3:44:5)MO0EL -
FUNFR=CEGEXP (= (XA) ¥1B)
RETURN

FUNFR=CXX/ (1. + (XM) X10)
RETURN

FUNFR=CXX/ (1 .4EXP ({(X~-A) /D))
RETURN

FUNFR=CXXX (1. +X/A) T (-03)
RETURN

FUNFR=AFX

RETURN

END

SUBRGUTINE CALFG (MyN)XeFaGi IG)

DIMENSION X(N) ¢F (M0 G CIG N

EUH"‘OH XDATA (120) 1 YDATA (120> »EXPCTD (120) »RESID (120} +XUAC (120,
1Py T TS (120) s MEOEL 2+ GC () 1 XUTI(303) (HD4D)

CRLL RESFR (HeN1XoF)

CALL LSCFR(H«NXOF)

03 1 I=1.M

08 1 J=1,N

GLIv D =XJAC (14>

RETURN

END

SUBROUTINE FUNHSL (N: X1RSS)

DIMENSION X(N

COI‘T‘DN XCATA (120) 1 YDATA (120) »EXPCTD (120) yRES IO (120) + XUAC (1203
¢ Py TaWTS (3200 +MADEL # G () »XUTJI(I03) 1H (31D

CDH“BN #FUNIM

RSS=0.

D3 1 I=1M

YHAT=X(3) mnm (D X1 +HXOATALD /X (1)) FR=XID))

EXPCTD (D =YHA

RESID (D -YDRTR (1) =-YHAT

RSS=RSSHRESID (N XRESID (D

RETURN

END

SUBRBUTINE MENIT(N)X+RSSINC)
DIMENSIGN X

PRINT 11/NC/RSS

PRINT 10+ (X(I) s I=14N)
FBRMAT(IH +I5,2X,E20.10)
FORMAT(IH +3E15.8+»)

RETURN

END

SUBRGUTINE MAKE (X+R N M
DIMENSIGN X(N) sR(MD
CGH‘BN XDATA (1203 + YOATA (120) »EXPCTD (120 (RESID (120) » XJAC (120, 3)
D 1P ToldTS (1200 »MEOEL +G (D) o+ XUTI (343 1 H (34D
0 1 I=1hiM
YDRTR (1) =FUNFR (XDATA () s YDATA (L) s YESTeX (1) 1 X(2) 1 X(3))
RETUS
END

L5¢
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C.5 LTANA

Object: to fit the cohort life-table model of chapter 4 to data.
Readlist variables:

INSTAR : the stage being considered.

ISTART : vector of first day of appearance of each stage.

LEND: vector of last day of presence of sach stage.

TSMOBS: matrix containing cohort life-table data in the format
of table 4,3.

MODEL: selects a fitting optien., Usuall value is 2, Value of 1

assumes no mortality.

ORIGIN: the earliest possible age (in days) which an individual
might have when first observed.

X: vector containing parameter estimates for # , ¢ and s for

the current stage.

I0UT: specifies output at the terminal (=6) or line printer (=7).

EGGDEN: the initial number of eggs.

LASTDY: last day of the sampling period.

NORMAL: specifies whether a normal (=1) or skewed (=0, assumed)
developmental distribution is used,

IMAT: wused for contrelling output as specified below.

DISMU: wvector of estimated mean developmental rates, P .

DISSIG: vector of estimated developmental rate variance parameters,

G .

SURV: vector of estimated stage daily survival rates, s.

INSTR1: when more than one stage is being considered simultaneously,
INSTR1 specifies the first instar and INSTsR specifies the
last.

Readlist execution options:
BEGIN: required initial step after data input.

FIT: estimates the parameters _a , _o and s for the current instar(s).

PARMS: tabulates the estimated parameter values for development

and survival,

MATOUT: OQutputs the following matrices as specified by the value
of the parameter IMAT : (1) predicted recruitment time
series, (2) the predicted developmental distributions,
(3) the predicted number of individuals in each stage on
each day and (4) the input data matrix,

Notes: This programme uses the NAG library routine EQ4FBF,



LTANA

NOTRACE
PROGRAM LTANA CINPUT BUTPUT.BATCH: TAPE Y« TAPER, TAPEG=BUTPLT,
TARPE7=DATCH)

+
DIFENSIGN X(18) +H(3350) R (30) » TATREC(B) .

200

20

3

LY

22

24

23

1000

26

16

DIMENSION RSSVID)
COMON ISTNRT(B) « IEND (B) + TSIOBS (3518) « TSMEXP (35:8) »RECM(35.8) «
MBDEL « INSTARFDIS (20) »CUMDIS (20) +GDIS (2047 +ORIGIMEGGOEN
COHGRY (35+8) s+ LASTDYDISMU(7) +DISSIG (7) +SURVLD)
+ INSTRI/RECDM(2048)

+++

COMMON /TEST/ NORMAL

DATA I0UT/G/ NAME/ZL/ 1 X/18%0. 7/
EXTERNAL LNRSD.MONIT
NORMAL=D

DO 200 I=2,20
RECDM(I»1) =0
RECOM(1, 1) =4,

RENDLIST ISTARTs IEND TSMOBS TSMEXP s RECHsMODEL » INSTARFD IS,
CUMDIS«GQISORIGINSRSS My e XsRs IBUT RAME MAXCAL + IPRINT 1 DELTAY
STEPMX+ EGGDEN LASTDY» BEGIN=21 «CHECKF =22, F I T223+CHDI5=2
H-P‘HTBUT=25- END=98DISMUDISSIG) SURVPARMS=26
+ » INSTRY» IMATHRECOMIRSSV. PDIS=27
+ + NBRMAL

STEPMX=.05

INSTR1=INSTAR

IF (MODEL L T.3) INSTRY=2

IF (MODEL . EG. 1) N=2¥ (INSTAR-1)
IF (MOOEL LEQ . 2) N=3X (INSTAR-1)
IF (MODEL . £EQ. ) N=2

IF CODEL .EQ. D N=3
DELTA=,000001

MAXCAL=300

IPRINT=20

M=0

DO 2 I=INSTRIsINSTAR
M=MEIEND (1) —ISTART (1Y +1
EPS=1.0E~-10

GOT020

CALL CHLAR{M!N«X)R1RSS+LARSE)
RSSV (INSTAR) =RSS
GoTO20

CALL GETDIS2
G@T020

IFAIL=1

IW4=3358

CHLL EQAFBF (MiN1»XoR+RSS+EPS «DELTA STEPMX W Il  LARSB 4 MONIT)
IPRINTMAXCAL « IFATL)

PRXNT 1000 IFAIL

FORMAT (7K IFAIL= I

RSSV (JNSTARY =RSS

GOBTC20

WRITECIOUT» 10) HAME
WRITE (I0UTs 11) MODEL
LRITE CIOUT 160 INSTHR- CIyDISMUCL) yDISSIG CI) s SURVLI) 4RSSV (D)
I=1 INSTAR)
FBRM’\T(IH +EHINSTAR3X) 11e /7 ¢ IH + 10HPARAMETERS /4 IH 10 (IH-Y »
+ Z11H 1GHINSTAR4Xs 2HMUs 12Xs SHSIGMA» 7Xs 17HPROP, DAILY SURV. s/
+1H 51 (1H=) 171 1H 1 ]J4:12X4F15, 10}

25

253

254

10
11
12
13

15
17

<o

27
18

a9

=

GOTO20

LRITE (ICUT» 1Q) NArE

0@ 3 I=1,8

TOTREC (I» =0,

D0 3 J=1.L.ASTDY

TOTREC (D) =TBTREC (1) +RECM{Js )
WRITECIQUT 11D MODCL

GOTB(251,252.253,2549 IMT

LRITE (I0UT+ 14D

LRITECIBUT 1) (Iv (RECMLIWD) +J=148) » J=14LASTON
LRITELIGUY, 17) CTOTREC (D) ¢ I=1.8)

COY020

WRITE(IQUT.9)

WRITE (JOUT+8) (I (RECDMCI+J) 1 J=4,8) » I=1,20)
GOTo20

WRITE(IBUT. 15

WRITECIQUT» 13) (24 (TSMEXP (L1410 4 J=148) 4 I=1HLASTON
ceTC20

WRITECIQUT12)

CRITECIOUT13) (14 (TSHMOBS (I ) o J=148) 2+ 151+ LASTDN
GGTO20

FOGRMAT (1H «SHPRGBLEM , I4)

FORMATC(10H MODEL v I14)

FORMAT(IH +//1 1K 121KNOS. PRESENT (085.) )
FORMAT (IH +20 (1H-) o/ (IH 2 I24EFS. D)
FORMAT(IH »/7:21H NOS, RECR. (PREDICTY)
FRMAT(IH +//+22H NOS. PRESENT (EXPCTD)?
FORMAT(LH +SHTBTALs /s 1H +2X)8F9.4)

FORMYWIH /74214 RECR. DIST.(PRCDICT)
FORMAT(IH +20 (1K) 1/ (1K 1 12/6FG.6))

ARITE CIBUT, 28 (I FOISKD CUMDISCI) «GDISCIs 1) o I=1.20)
EB$€2;(1H 120 ¢/ IH 2 I342X03F15.8))
I¢]

STOR
END

SUBROGUTINE CHLAR(MrNsX+iR1RSS1LARSE)
DIMENSIDN X(18)R(S0D)

EXTERNAL LARSD

CALL LARSB (M/NXiR)

RSS=0.

D0 1 Ist.M

RES=RSSH(I) 3R (N

RETURN

END

SUBROUTINE LARSS (MyNyX.R)

DIMENSION X(10) »R(90) + TOTAL ()

CB‘TBN ISTART(8) + JEHO (D) + TSMODS (35)8) » TSMEXP (3548) +RECHM(35:8) »
MADEL s INSTARFD IS (203 » CUMDIS (20) +GOIS (2017 »ORIGIN+EGGDEN,

+ COHORT(35:8) +LASTOY\DISMU(T) ¢ DISSIG(7) »SURVAD)
+ + INSTR1,RECDM(20,:8)

SURVI(D =1,

JF (MODEL.GT.2) GBTO30

D8 8 K=2,INSTAR

KJ=2%(K~1)

(]

DISMJX) =X(KI-~1)
DISSIG (K) =X(KI)
SURVIK) =1,

IF ¢ODEL.EQ. 1) COTOL10

£G¢



KI=2% tmsmng#) Ex c
DO 11 K=2: INSTA =14 INSTAR
11 SURV(K) =X (KK D) : : . 38 igux.;iifzo
GOTB10 100 GDIS¢J.K) =0,
30 OO 12 K=INSTR1, INSTAR C GEY FDIS (SKEWED MIDEL)
SURVIK) =1, XU=DISHU (KD
KI=2F (K=INSTR1+1) -4 XS=DISSIGK)
DISHUKK) =X (R ]) 5=0.
12 DISSIG K =X (KI+1) FOIS (1)=0.
xr(moEL.Eo.a)GuTg;rg DO 2 I=1:20
KO=142% (INSTAR-INSTRI+1) = DI -1, +BRIGIN
DO 13 K=INSTR1:INSTAR ﬁcgggxt.eo.ncumzo
13 SURV(K) X (K=INSTR14KD) IF ¢1.EQ.1.AND.ORIGIN.EQ.0.)GOTB2
10 DO 1 X=1.8 XC=FLOAT (1) -4, +ORIGIN
ols] 1R.1{=(1.2)5 o Y= (4, /XC-X) XS
1 COHBRT (J1X) =0. =1, —-1.)-xan
cAtL GETDISZ2 ;?:fl 7Ll a8
IF (XC.GE.1.)S1=515ABF (YR, IFAIL)Y
COHBRT (1 1) =EGGDEN FDIS (1) =51-515A0F (¥) IFAIL)
RECM (1) 1) =EGGDEN IF (FDISC(D LT, 1. 0E-CA)FDISKI) =0.
DB 3 J=1.LRSTDY GoTu2
[ (HORMAL PMEDEL)
JEND=J = (-
IF (JEND.GT,20) JEND=20 2 :péicm%m
B0 51 K=1,INSTAR IF (XC.GT. 1) YP= (XC=XU=1,) /XS
215 FORMTUH 12 FDIS (1) =S15ABF (Y. IFAIL) —S15ABF CYP, IFAIL)
D8 5 I=1)JEND IF(FDISCD (LT, 1. 0E-00)FOIS (D) =0.
CCHORT (JsK+1) SCOHBRT (s K+1) +GDIS (1K) SCOHOR T (U-T+1,K) 2 S=S4FDIS (D)
5 COHORT(J~I+14K) =COHORT (J=I+1+K) R (4, ~GOIS (T X)) C FIX CUMDIS,GDIS
51 RECH(J1%+1) =COHORT (J 1 K+1) FDIS (1) =FDIS( /S
CUMD IS =FDIS (L)
DO 4 X=1, INSTAR GDIS 1K) =FDISKL)
SV=SURV(K) 0B 1 I=2.20
DO 4 I=1,JEND FDIS(D =FBIS (D) /S
4 COHORT (J=I+1:%X)=COHORT(J=I+1,X) X3V CUrDIS (D =CUMD IS (I~ +FDISID
- DUM=1.-CUMDIS (I~1)
08 & K=1: INSTAR IF ¢(OUM.LE.Q.)GBTO3
TBYAL ¢K) =0, GDIS(IK)=FD IS (I) AOUM
DB & I=1:JEND GaT8!
6 TBTAL ¢X) =TBTAL (K) +COHORT (J-I+1+K) a3 GDIS(IKI=1,
D 7 K=1, INSTAR 1 ég(Tg!&‘;:f:ga.m’.l.)GD!S(!-K):I.
K ggEXP (J1K) =TATAL (K) 10 RECOM(IVK+1) =FOIS(D)
IF (J.GT. 1) S=TSFEXP (J~11 INSTAR+L) gbmnn
TSMEXP (J» INSTAR+1) =S+RECH (Js INSTAR+1) c
T
3 CONTINUE C END OF LTANA
IcHT=1
D@ 8 I=INSTRI1:INSTAR
DA 8 J=ISTART(I) » SEND(IY
R (ICNT) =TSMIBS (s D) ~TSMEXP (Ui IY
ICNT=ICNT+]1
B CONTINUE
RE TURN
END
SUBROUTINE GETDIS2
COMDN ISTARTB) » JENDCOY » TSMOBS (35+8) + TSFEXPC (3548) «RECHM(3548) ¢
+ MODEL ¢ INSTARFDIS (20) »CUMDIS (20) 1GDIS (20, 7) +BRIGINS EGGOEN,
+ COHBRT (35, 8) yLASTDY»DISMY (7) »DISSIG (7) 1 SURV (D)

+ + INSTR1+RECOM(20,8)
COMON /TEST/ NORMAL

vS¢
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C.6 FRESAN

Ubject: to fit functional response madels to data.
Readlist variables:
XDATA: the initial prey densities,
YDATA: the number of prey attacked.
wTS: (optional) weights to be assigned to each datum during

fitting,.
X: the estimates of the parameters a' and Th or b, c and Th.
M: the number of data points. —_— —

MODEL: selects type II parasitoid model (=1), type III parasitoid
model (=2), type II predator model (=3) or type III predator
model (=4).

P: (optional) the number of predatars (assumed 1).

T: (optional) total time of experiment (assumed 1).

I0UT: specifies the results to be printed at the terminal (=6,

assumed) or at the line printer (=7).

NAME: this variable may be set equal to any four digit (or smaller)

number for identifying the results of a particular data set.
Readlist execution options:

BEGIN: required initial step after input of data.

PDATA: prints the current data set.

REPS: provides analysis of replicates.

ROGERS: performs a linearized parameter estimation.

FIT: performs nonlinear least squares parameter estimation,

ANOVA: tabulates results of last analysis.

ANOVAS: short version of output from ANUVA,

PLOT: stores a plot of fitted results for later printing on the

line printer.

DATAIN: inputs data from an optional data tape.

" REWIND: rewinds ths optional data tape.’

END: terminates execution.,

Required additional subroutines: REPANA, VBO3A, MBO1A, VDO2A, MCO3AS,

CHCKF, CHCKG, ANOVA, All of these subroutines are included at C.7.

Notes: I1f plots are required, it is necessary to include the
additional programme PLOTFR (page 359 ) in the permanent
file base and the subroutine PLOT1 in the library LIBM.



FRESAN

KOTRACE

PROGRAM FRESAN (LINPUTOUTPUT)BATCH TAPEL » TAPE2 TAPEE=BUTPUT,
+ TAPE7=BATCHPLTF IL « TAPEB=PLTF IL »DATAFR TRPE3=DATAFR)
c .
C FITS FUNCTIONAL RESPOMSE DATA YO VARIOUS MODELS BY EITHER
C A LEAST SGUARES METHOD DR LINEARIZATIONR (RDGERS METHGD) .
C T.S. BELLOWSJR., OCT 1978
DIY‘CHSIBN RC100) 1 X(3) +EPS(3) 4 PLOTX(B1) 1 PLOTY(B1) W (21> 4
GSEND €100, 3
COH“GN XDATA (1200 » YDATA (1205 +E£XPCTD (120) +RESID (120) + XJAC (120435
+ 1P T WTS (120) ' MADEL 4G (D) o XUTS (34 D) 1 H(3 D)
DATA NAME/L/: IGUT/AG/ 1 X3/
COMON /CRESF1/ ACCUR
COMON ~CSTOL/ STOL(100) «STO2 (100
COMUN ~CANOVIZIOUT
EXTERMAL RESFRiLSGFR
[+
Lo 1 I=1,100
1 WIS =1,
p=1.
T=1.
20 REF\DLIST XDATA YDATAWTS s Xy M MBDEL 4Ny IPRINT«MAYCAL + G+ NAME
ACCUR :RSS»EPS»P« Ty JOUT, STEPMX BEGIN=21+PDATA=22,REPS=23+RBGER
*5 26, FIT=24,PLOT=25 ANOVA=27: ANOVAS=1004:CATAIR=B1:REWIND=
+711ENO=09
21 CALL REPANAC(1.041MD
N=2
IF (MODEL ,£0.2.0R.MIDEL .£Q,4) N=3
IPRINT=5
MRXCAL =100
IF (N, EG.2) X(3)=0. *
ACCUR=1.0E-08
D0 10 I=i.N
10 EPS (J)=X(])*1,0E-07
STEPMX=1,CE+06
c Goavoz0

22 LRITE (10UT, 28) NAFE
WRITE CIBUT 1000 (T XDATALD » YDATA (D) » WIS (1) ¢ I=1000
100 FORMATUIH o/v tH ¢ AHDATA S 7Xr JIHX 1 15X 1 1HYs 14X SHWTS» /v 1H »
+ 43 (1H=) » 100 ¢/ 1H » I3 1XeIFI5.7))
GBTO20

c
23 WRITE (J0UT+28) NAME
70 FORMAT(IK » ZUMODEL 4 I4)
CALL REPANA(2:0410
c G3T020
24 NSAVE=N
gﬁlﬁg VBDSR (MK X1EPS+ Ry GSEND s STEPMX» IPRINT 1 MAXCAL + 100440
GOTUEO
c

26 GOTO (106, 103+ 106, 103) MADEL

106 WRITEC(IQUT20) NAME
CALL ROGERS (X«N«IMD
GoT020

103 WRITE (64105)

105 FORMTUIH 12494 ANALYSIS NOT AVAILAGLE.)
GaTo20

25 DX=XDATA (M /81,

YEST=0.
TMX=YDATA (1)
03 42 I=2:M
42 IF (YDATACD .GT. YMAX YMAX=YDATA (1)
0@ 11 I=1.81
PLOTX (D =FLONT(I-1) 3DX
PLOTY (1) SFUNFR (PLOTXLI) » PLOTY (D) » YES T X (1) 1 X(2) 41X (3))
LRITE (B) NRME
WRITE (03 MsPLOTXPLOTYs OXCATA (I + YDATA (I JRESID (I 1 I=141D s YMAX
GOTO20

1

-

c
1004 IPAN=1

o0

GBTO1005

27 IPAN=2

1005 LRITE (JGUT,.28) RAME

28 FCRMAT (1K »SHPRIBLEM +J4
WRITE (I6UT, 70) MODEL
CALL CHCKF (MM X)R»RSSRESFR)
CALL CHCKG (MiN1 X+ R1LSQFR)
CALL ANBVA (Ms Ny RSS» X IPAN)
GeTo20

7

—

REWIND 3
GOTO20

81 CONTINVE
READ (3,840 M
84 FORMAT(IS)
03 B2 I=1:M
READ (310 XDATA (D » YDATA (D) »WTS (D)
83 FORMT(IF10.0)
82 IF (WTS(D .EQ.0WTS(I) =1,
GOTA20

98 NAME=-]1
WRITE (8) NAME
ENOFILE 8
570~
END

SUBRBUTINE RESFR(MiN+XPR)

MAIN FRESAN
DEFINES EXPECTED AND RESIDUAL VALUES FGR FUNC. RES. MODELS.,

DIMENSION X2 (N) WR (MO

COMMON XDATA (120) « YORTA (120) +EXPCTD (120) »RESID (120) + XJAC (1204 3)
+ 1P To TS (1200 s MBDEL 1 G (3) o XUTJ (3130 »H (3.3

COMCN ~CRESF1/ ACCUR

coMoN CSTOL/ STOL (10D) +STO2 (100)

YHAT=0.

A=XP (1)

8=xP (2)

C=xp (D)

D3 3 I=1.M

IF(1.E0.1) GOT01L

IF (XOATA(D) .EQ.XDATALI-1)) GOTES

=XDATA (1)

STB2(1) =0,

GBTO(5+6+ 7:8) MODEL

5701 (1) =PXT/ (1. +3BX0

STO2 (I =2X3TXP (~-AXSTBL (1))

YHAT=X-STG2(I)

GOTO4
6 5T01 (1) sPITI/ (1 A FXHTFE0

-

!

-

L+
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a0 o

STBR2 (D) =X*EXP (-ATSTOL (1))
THAT=X=-5TO2(D

GOTR4

YOLD=YHAT

F=XZEXP (A BXYOLD-ATPXET)

YHAT=YOLO- (YOLD-X+F) / (1 . +AXDIT)

IF (ARS (YOLD-YHAT) ~-ACCUR) 17417+7

STOL (1) =X7EXP (ATDXYHAT-AFPET)

GOTR4

YOLO=YHAT

F=)GEXP ((ASCRCEYOLR-ATEPET) /(1. +370)
THAT=YOLO-(YOLD=X+F) / (1 . +AXCOGTF / (1. 40%0)
IF (ADS (YOLD-YAAT) ~ACCUR) 18+ 10,8

18 ST% (1) =XCEXP (AXTHETYHAT-ARGPET /(1.48%0)
COTR4

STO LD =STO (-1}

STR2(1)=5TB2 (I-1)

EXPCTD (I) 2 YHAT

R¢D =YDATA LD |ITS (1) =YHAT

RESID (D) =YDATR(D) -YHAT

RETURN

END

SUBROUTINE LSOFR MiN» XPR)
MIIN FRESAN
QEFINES JACOBIANR MATRIX (=FIRST PARTIAL DERIVRTIVES) OF
RESIDUALS FOR FURCTIONAL RESPONSE MODELS.
OIMENSION XP () JR (D
CBH"‘EN XOATACL1202 » YDATA (120) «EXPCTD (1207 «RESID(120) 1 XUAC (1204
1P ToWTS (1200 +FOOEL G () s XUTU (303 1 HI30 D)

CGP‘mN sCSTB1/ ST01(100) »STO2 (100

A=XP (1)
B=XP (2)
C=xP ()
D2 1 I=1.M
IF(I.EG.1)GOTOLY
IF CONTA(D .EQ.XDATA (I-1))GBTB2
X=XDATA (D)
GS=5T01(D)
FS=STB2(D)
YHAT=EXPCTR(D)
xJ3=0.
GATB (3+4¢5+6) MODEL
O=RGGSGSA/T
XL =FSX(B3D-GS)
XJ2=FSFAXRD
CGoT02
C=AGGS IS AT
X =FSE(CR-GS)
XJ2=FS3D/X

~

1

o 9«

v A o

1

-

(2]

N

u

D=1 .+A3DIPIGS

XJ1= (BFPRYHAT-PET) ¥GS0
XJ2=ATPFYRATIGS D

GeTR2

6 D=X3P/ (1,480
£=1,4G5¥A¥CHD

XJ1=GS¥ ((CXYHAT=-T 30) £
XJ2=GS* (DI APIAX(T-CEXYHAD ) £
XJI=GSTAXTHATD/E

XINC LI 1) =X

XIRC (L12) =412

ALAC L2 =X3

- N

ao00o00 o

oo O

a0oo0a0

DO 8 X=1M1
D=D+AIAC (K I) 3N LK)
G(I1)=2,0%0

£=0.

DB 10 K=1,M

10 E=E+XJAC (Ko 1) FXIAC (Ko D)

~

M
GI
RE
Us
(=

[

Qo v

AT D =E
XTI (L D =E
CONTINUE
RETURN

END

FUNCTION FUNFR (X Y2 YHAT)R1BI DD B
IN FRESAN
VES EXPECTED NUMBER ATTACKED (FUNFR) FOR FOUR FUNCTIGNAL
SPONSE MIDELS, USED BY FRESAN IN PLOTTING PREDICTED VALUES.
ES NEWTON INTERATIONS TG FIND NUMBER ATTACKED FDR PREDATICH
XPLOITATIVE) MODELS TG ABSGLUTE ACCURACY OF ACCUR.

cmmn XDATA 1200 1 YDATA (1200 sEXPCTD (120 yRESID €120) + XUAC (12043

VP TAHTS (1200 +MIDEL G {3 + XTI (313 1K (30D

cnrmn /CRESF1/ ACCUR

GATB (11213, 4 MODEL Sy
YRAT=XE (1, —EXP (~ATPET/ (1, +A38¥0)) ~J
GOTO5

YHAT=XE (], =EXP (~APETEXA (1, +34CEAXXD0 ) )

FUNFR=YHAT

RETURN

YOLD=YHAT

F=XHEXP (AXE TR XYOL D-AXPET)

YHAT=YOLD= (YELO=X+) / (1, RIS FPIF)

IF (ADS (YBLO=YKAT -ACCLR) 51513

4 YOLD=YHAT

il
RE
0B

[

M
SUI

F=XEEXP (((ASCRGRXYOLD-AFPETE) / (1 . +H3%20)
YHAT=YOLD= (YOLD=X+F) / {1, +ASCFPXL, (1 . +BT0 XF)
éF[;RBS (YOLO=YHAT) —ACCURI 51514

N

SUBROUTINE CALFG(MiNeXsFeGe IG)

IN FRESAK

QUIRED SUBRBUTINE FGR USE OF MINIMIZATION ROUTINE vBO3A TO

TAIN VECTBR BF RESIDUALS AND JACBBIAN MATRIX,

DIMENSION X(N) +F (101G LIGH )

COH’“ﬂH XDATA (1200 s YDATA (12D) +EXPCTD (120) »RESID (120) »XJAC (120+3)
1P T WTS (120) +MODEL »GC (D) » XJTU (3 D) W K3

CRLL RESFR (MiMeXoF)

CALL LSOFR(MiN+XeF)

DO 1 I=1H

D3 1 J=1LIN

G(I  D=XJAC I D)

RETURN

END

SUBROUTINE ROGERS (XNiM
IN FRESAN
BROUTINE TO PROVIDE ESTIMATES OF A AND TH FDR FUNC. RES, MCDELS

BY THE LINEARIZATION TECHNIGUE SUGGESTED BY ROGERS,

DIMENSIDN X(N)

CCHMBN ~CANGVL/ IOUT

COMON XDRTA (120) + YDATA €120) » EXPCTD (120 +RESID (1200 » XJRC (1207
+ yPaToHTS (1200 » FODEL »G (D) 1 XITI (34D 1 HIT D)



LRITE (IGUT, 1013 FBDEL
M

5X=0.
Sy=0.
SXx=0.
SXr=0.
GOTO (1423 2> FODEL
L3 4 I=1.M
XD=YDATA (D)
Y=YDRTA(I)
IF (XD.LE.Y.GR.Y.LE.D.)GBTO14
SX=SX+XD
SXX=SAX+XDOD
Y=4./AL0G ((XD-Y) /XD)
SY=SY+Y
SXY=SXY+XDXY
GATA4
14 LRITECICUT,»108) XD Y
109 FERMIT(IH +2F10.5)
XMEM-1.
4 CONTINUE
10 SLECPE= (SXY=-SX¥SY/ XD / (SXX-SXFSX/XD
XINTCP= (SY=SLOPERSX0 /XM
IF (MACEL ,EQ.3) GOTCS
X (2) ==TPESLOPE
X (1) ==1. /T/P/XINTCP
GCOT06
300 7 I=1wM
XD=XDATA (1)
Y=YDATA (I)
IF(XD.LE.Y.0R. Y,LT,.0,)GOTCS
Y=ALCG ( (XD-Y3 /XD)
XD=YOATA (D) /P .
SX=5X+XD

=

G
0 WRITE(ICUT 109 XD, Y
=001 .
7 CCNTINUE
GOTBIC
g X(1)=-XINTCP/T AP
X(2) =SLUPE/X (1) AP
6 WRITE (ICUT» 110) X{1) 4 X(2)
101 FORMIT (1K »25HROGERS ANALYSIS FOR MICEL »I2+1H.0 /91
+ J2KDATA EXCLUDED FR3M ANALYSIS ARE +/13H 15Xy iRN.HX-ZNHR)
110 FORMATCIH +/93K 1 J2HESTIMATES OF THE PARRAMETERS ARE /s 1K
5X13KA= 1F15.71/11H 15X 3HTH=F15.7)
2 RETURN
END

c
C END OF FRESAN

BGE



n
-N

5

1

50

4

42 FORMT(IH 120( +3H »SHPROBLEM  » T445X, 1TRPLOT BF RESIOUALS: /)

-

PLOTFR

PROGRAM PLOTFR(INPUTQUTRUTPLTF IL +BATCHY » TRPES=PLTF IL «
TAPE10=BATCH1}

+
COMBN ACPLOTLZIPLTOT

DIMENSIGN XPLT (1) +YPLT(8L) , X Q10D »Y(IC0) (RCI0D)

DATA PLUS/IK+/¢2ZERD/ KO/ STARZIHX /A RESLT/BHN ATTCKD/

DATA DENS/BKN INIT /+RESOL/DH RESID ~

IPLTAT=10

REWIND 9

IHINT=0

WRITE (IPLTAT,52)

FORMAT(1H )

READ (9) NAME

IF (NRME.LT.0YGOTOLS

READ (9 Mo XPLTy YPLTt (X (D) o Y (1) o RCI) 1 I=24 1D » YMAX

IF (JHINT.EQ.D) GOTASO

LWRITE(IPLTAT.51)

FORMAT (1K 2182}

IHINT=1

HRITE (IPLTAT»41) NAME

FORMAY (1H +9HPROBLEM  I415Xs 1SHPLBT BF RESULTS ./

CRLL PLBTS PLT,YPLT: 81, BOc"rCl 3iX (D 40,03, YMAX 0. 000 10
PLUS+24¢$40:0.:0.)

CﬂLL PLOTL (XY MeBO» 403 XM o0 » I YMAX: 0.0 1911, 2ERG
2,0+ 3.DENSRESLT

LRITE(IPLTBT-“Z) NAME

CﬁLL PLOTL OGO R/ MB0:40: 34 X0 +0.+0+0.40.00: 340
STAR»2:0y 1+ DENSIRESOL)

G BY0
15 EHDFILE 10
STGR

END

3
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360

C.7 Subroutines.

These suhroutines"ére required by the data fitting programmes
DENDEP and FRESAN and were stored in the binary library LIBM. The
first four subroutines (VB03A, 1S01A, UDO2A, and riCO3AS) are part of
the Harwell Subroutine Library (Hopper 1973) and are included here by
the kind permission of Mr. S. Marlow of the Atomic Energy Research

Establishment, Harwell, Berkshire.



SUBROUTINES

37

B

[N L%

Y]
-1

58

o

LR

NOTRACE

SUBRBUTINE VBOJIAMiNX«E«F)1GIESCALE IPRINTMAXIT 1 IG+D

DIMENSION X(NY2E () oF (MD (W1 oG CIG 1) .

NN=N

K=N

IAX=0

IA=2

GOTO41

D8 2 I=1:NN

LO 3 J=1:NN

K=K+1

sUuM=0.

00 4 L=1,M

SUM=SUMG (L » D ¥G (L D)

CONTINUE

W(K) =2, 3SUM

CONTINUE

CONTINUE

NHP 1=N+1

%ﬂLL MBOLA (HINNRE) (NN
A=l

IF(IPRINT) 341426
PRINT 4G FX) (X(I) » I=1vNN)
IF (IMX=AXIT) 58+59,59

08 5 J=1.NN
Ki=Ni+!

K2=N2+1

sum=0.

00 6 J=1.NN
K=X+1

SUMEWK) = () +5UM
CONT INUE
WK2) =W LT
A=ABS (SUM/E (D))
H(K1) ==5UM

IF (EMAX-A) 7155
EMX=A

CONTINUE

15=2

8 GC=0.

LQ 9 I=1.hN

K1=N1+1

GC=4 (1) K1) 4GC

CONTINUE

GOTE (14,10 IS

IF(GC) 14414413

N=0

PRINT 15 .
FGRSnT(SX-SDHERROR OUE TG RBUNDING IN VBDIR)

In=
carTo4s
JS=1

GA=GC
FMIN=FX

Yr=0,
XSTEP=AMING (1. ESCALE/ZEMX

65 -

17
10

20
4l

6

P

3
3

(="

XP=0.
ITEST=3

CALL VOORA(ITEST: YPSFXsGC6:0. 1/EMAX0. 1 XSTER)

GOTG (16,190,199, 19,19) ITEST
YS=YP-xP

XP=YP

00 20 I=1«HN

KI=N1+]1

X (I =X (1) +YS¥U (K1)
CONTINUE

CALL CALFG (M:NMi XaFs G IBY
FX=0.

DO 63 I=1+M
FXsFX4F (D 3F D

CORTINUE

D3 38 J=1.K

sumM=0.

0@ 39 I=1.M

SUM=SUMHF (D) 3G (T« )
CONTINUE

H{UY =2, 505UM

CONTINUE

GATH(8,37,29 + IR

24 ISPR=2

SPR=
IF CIPRINT) 66166+ 45

66 RETURN

22

23

18
16

62

63
64

36

2
a3

%5
“6

e

44
“Q

IF (FX-FMIN) 220 17487
FMIN=FX

D0 23 I=1RN

KI=N3+1

WX3) =T

CONTINUE

GOTBL7

IF CYPIEMAX-0.1) 161 161356
YS=YP~-XP

DA B2 I=1.NN

Ki=N1+)

XL =X (D +YSRIKL
CONTINUE

Ia=]

IF () 63,63441 -

IF OSTEPIEMIX=1.141» 41164
XSTEP=D. 1 5XSTEP

Ia=1

GOTOS5

YS=XP~YP

08 21 I=1:HN

K1=M1+1

K2=N2+1

KI=NI+I

XD =X =YSHIKL)
WD =W (KD)

WIK2) =W (1) I (KDY

CONTINUE

IF (JPRINT) 441 44, 43
ICBUNT=ICOUNT+1

IF C(IPRINT=ICOUNT) 44+ 45444
PRINT 46+FXs (XCI) o IS0 NND
FORMAT(/E14.6+/ (DEL14.5))
ICOUNT=0 .

G710 (44, 66) ISP

A=YP/ (GC~GA?

JFNY 141448

K=NN

L9¢



B=0.
D@ 51 I=1.hN
KA=N3I+I
SUM=0.
03 52 J=1hN
K2=N2+J
K=K+1
SUM=I (K) X (K2) +SUM
52 CONTINUE
X2=N2+]
W3 =SUM
B=W (K2) FSUTHD
51 CONTINUE
B=—1./D
53 K=hN
03 54 I=1.NN
KizN1+]
K3=N3+1
AL=AXH(K])
B1=33 (K3
03 55 J=1:.NN
Ki=N1+d
K3=NJI+J
K=K+1
WAKY =ALMW(K1) 4B 154 (K3) HILK)
55 CONTINUE
54 CONTINUE
GoT01
59 PRINT 60.IMX
£0 FORMT(I10,21H ITERATIONS COMPLETED
N=0
GOTO16
END

SUBROUTINE MBOLA (As M IA)
DIMENSIAN A CIR+2)»INDC100) . C (100
IF(4-1)99+2+3

2 IFCAC1H 1) NELDD AL D =1 ALY
GOTOSI

FRX=
ca 32 I= I-H
IND (D=
IF (ﬂBS(R(I-l))-ﬂbs(nm»)32|32 234
33 AMAXEAKIN D)
Inx=I
32 CONTINUE
ASSIGN 38 YO JUMP
0@ 41 J=1Ml
IF (IMAX=J) 3503533
33 IL=IND (IO
MO CIMAXD = IND ()
IND (D =TW
by 34 K-1.M
H-N UMK
AUMX K =AGHK)
At XK1=
34 CONTINUE
35 Ji=J+l
GO 7103 JUPPv(SBvSBJ

Do 37 I=J1y
% CALL rCO3INS (ﬁ (D 12 1A D HA LD (AR DAL D AW D W=l

37 CONTINUE
38 DIv=ArAX

39

<0
41

o

10
11

12
13

14
15

16
17
1B
19
20

21
a2

23
24

n
Ml

26
a9

AMX=0.

ASSICGH 36 TO JUMP
00 40 I=JiM
R(xllJ;c-n(I-.l)mlv
CAL 03RS (A CI1 1) 1ALTI2) AL JHD P A D AT I+ sA T I+
IF (ABS (A (14 J1) ) -ABS (AMAXD ) 40+ 40.39 7 et
AMAX=A (T DD

Imx=r

CONTINUE

CONTINUE

DO 13 I1=1.,M1
I=M+i-I1

12=1-1

08 11 Ji=1.12
J=I2+1-01

J2=J+1

Wiz (L,

IF (I2-J2) 10:9:9
EI:I:’I). :Clozns AW2e D AUHLI D HC U 2T U241 (WL, I2=J24+8 . )
CONTINUE

D3 12 X=1+12

A(IK) =C(K)
CONTINUE

CONTINUE

0O 22 Ii=1.M
I=M+i=I3

I2=1+3

W=AT D)

03 20 J=1M

IF (I-J) 14+ 16416
Wi=0,

GBTOL?

Wi=1.0

caTeL?

Wi=A(I D

IF(I1-1) 19,1918
SF:IJI). ﬁmns (AT I2) 1ACT I241) 1ACI200) 1ACTI2420J0) s WY oWl o M=I24141)
CONTINLE

00 21 J=1M

AT =C(H
CONTINUE

CANTIRUE

DO 26 I=1M

IF CIND (1) =13 24426,24
JEINDACD

D8 25 K=l+M

STO=A (K. I?
AWK D =A KD

A =5T0

CONTINVE

ISTO=IND ()

IND (N =y .
IND (D) =[ST0

GOT023

CONTINUE

RETURN

END

SUBRBUTINE vDO2ALCITEST)X)F «G«MAXFUN ABSACCRELACC XSTEP)
GATO(142+2) 4 ITEST

IS=ITEST

ITEST=4

9%



JINC=1
XINC=XSTEP
M=

=1
GOTO(4:4,10) 1S
MC=MCH1
IF MCTAXFUN) 4, 4,5

S ITEST=4

-

WO N Oh

12

14
15

16

1

~

10
21
a2
24

25

20
23

26
19

F=Fa

X=XA

G=GA
RETURN
15=2

rC=0
IF(G)B17:6
ITEST=5

GQTR4

GOTB(8+8) IS

XA=X

FASF

GA=G

15=¢

X=XA~5 IGN (XINC +GR}
XINC=XINC+XINC

GoTO3
IF(F=FAY 13413019
DUMEFA
FA=F
F=DUM
DUM=GA
GA=G
G=DUM
DUM=XA
XA=X
X=DUH

IF (GA% (X-XAY) 15416, 16

IINC=2
XINC=X

2=3. ¥ (FA-F) / (X~XA) +G+GA
*GA

W=Z¥2-G
IF (D 20.20:17

H=S IGN (SORT (LD + X=XA)
XP=X— (X=XA) ¥ (GIW-D (G-GRH»J-M
IF { (XP-XA) 3G 18, 19.20

GOTQ (21,22 » IINC

IF (ABS (XP=-XA) ~ADS (XINC) ) 23,23,12
IF (RBS (XP-XA) ~ABS (XINC-XP) ) 23123424

%=0.5%(XINC+XA)

IF ((X=XA) X (XINC~XD) 25+ 25,3

ITEST=3

GETa1L
GOTO(12+24) » JINC
X=XP

IF (ABS (XP-XA) ~ABS (ABSNCC) ) 18,18+28
IF (ABS (XP-XA) -ABS (XPXRELACC) ? 19.19.3

JTEST=2
GoTo1L
END

NOTRACE

SUBROUTINE MCO3INS(A1,R2:081:82: X+ SUMiN» IFLAGY
C THIS IS R FORTRAN VERSIGN OF THE DRIGINAL IBM-350 ASSEMBLY LANGUAGE
ROUTINE TO CALCULATE THE SCALER PRODUCT OF TWO VECTORS.
CALL MCOZAS(AL+A2+81¢B2+ X0 SUMIN+ IFLAG)
SETS SUM = SCALER PRODUCT OF (Al»A2v...) WITH (B1sB2y+...) PLUS OR
MINUS X WHERE N GIVES THE NUMBER .GF TERMS IN THE PRIDUCT
THUS TG COMPUTE THE SCALER PRODUCT OF THE ITH RCW GF MATRIX A AND THE
JTH COLUMY OF MATRIX B (BOTH N BY N) -~

CALL MCOJAS (REI11) eACII2) 4B (L0} 4B (20} s01SUMeN, IFLAG)

XFLﬂG IS AN INDICATOR WHICH CAN BE SET WITH A VARLUE BF 0 T8 7 -

IFLAG SIGN BF X SIGN OF SCRLnR PRODUCT

10R5 + -
20RB + +

3 0R 7 - -
NOTE THAT IN THE 360 ASSEMBLY LANGUAGE VERSIGN+ RESULTS WQULD BE
ROUNDEDR IF IFLAG HAD R VALUE GF 4 ~ 7 AND UNRGUNDED FOR IFLAG GF 0-3.
DIMENSION AL (1) B1(CD
I1=LOCF (A
J2=L0CF A2y
J1=LOCF (31
J2=LOCF (B>
KSTA=1
KSTB=4
I12=12=-I1
Je=J2-J1
DSUM=0.0
0@ L I=l¢N
DSUM=DSUMHAL (KSTR) *B1 (KSTB)

KSTA=KSTA+I2

X5TB=KSTB-+J2

CONTINUE

IFL =IFLAG+]

GO TO (10s11+12013020+18412,83) ¢ 2FL
1 gUP‘FDSUP‘Nx

ETURN

11 SUM=X-DSUM
RETURN

12 SUM=OSUM-X
RETURN

13 SUM==(X+DSUM
RETURN
END

ooaooooanoooono
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NOTRACE

SUBROUTINE ANGVA (MyN1RSS X IPRINTY
GEMERAL SUBRGUTINE FOR TABULAR OUTPUT OF RESULTS OF REGRESSION
ANALYSIS. TPRINT=1 PROVICES TABLE GF REGRESSION ESTIMATES
AND ANBVA TABLE., IPRINT=0 PROVIDES ADDITIONAL TABLE OF OBSERVED
GENTRAL SUBRGUTINE REPAMA. ALSO REQUIRES VALUES IN THE COBMMON
VECTBRS XDATA+YDATAWEXPCTD»RESID)G (THE GRADIENT AT THE SOLUTIBN) »
AND XJTJ (THE JACBBIAN CRESS PRODUCT MATRIX . ARGUMENTS ARE
MzND, OF DATA POINTS, N=NO. OF VARIABLES» RSS=RESIQUAL SUM OF
SCUARES» X=VECTUR OF PARAMETER ESTIMATES» AND PRINT AS CEFINED
ABOVE. CALLING PROGRAM MUST ALSG HAVE A NAMED COMON ,CANGVI/
7@ DEFINE BUTPUT TAFE (IOUM . T.S. BELLOWS,JR. OCT 1970

DIMENSION SE(3) «X(N)

CBH“UH XDATA (120) + YOATA (120) +EXPCTD (1203 «RESID (120) +XJACLL120,D)

1Py THWTS (120) +MODEL ¢ G(T) » XJTJ (3133 1 H (34 3)
CBH‘BH /CREP L, PESSNOFPE,SSTUTCORSSCOR
COMON /CANDVIZIBUT

CALL MBDIR (XJTJ NsT)
08 1 I=4N
1 SE () =RSS/FLOAT (M-N) FSORT(XITI (I ID)
LRITE CI0UTH 10) (TeX (D) sSECII 4G D) v I=14M)
10 FORMATUH +/BH RESULTS 2/ 1IH PARAFETERS»/» 1H ¢ 10X
+ SHVALUE » 15X 4HS . E . 1 16X 4HGRAD» /0 IH 163 (AH=) 213 (/11K + I2»
+ 1X)3E20.10))
N1=M-H
N3=M-4
N2=N-1
F==1,
REGSS=CORSS-RSS
REGHMS=REGSS/TLOAT (N2}
RIMS=RSSFLOAT(NY)
IF (RIS .EQ.0.)GOTU4
F=REGMS/RMS
CONTINUE
LRITEC(IOUT 113 REGSS 1 N2/REGMS 1 F1RSS»N1H»RMS)CORSS I ND
11 FORMATCIH 2764 RNBVRY /9 IH 12X GHSGURCE» BX: 2H55»9X
BHOF + 7Xs 2HMS » 12X0 JHF y 20 IH 455 (JH=) ¢ /1 11H REGRESSION,
F15,9 I IXiF15.9¢ X F8 .41/ J1H RESIDUAL  1F15.90 14
1X1F15.,9, /¢ 1IH TOTAL (CORY +F15.9.I4

e

4+

IF (NOFPE.EQ.0)GOTO2
==1,
SSLOF=RS5-PESS
NLOF=N!-NOFPE
PEMS=PESS/FLOAT (NOFPE)
SHLBF=5SSLOFFLAAT (NLAF
IF (PEMS.EQ.0.2GCTAD
F=SMLOF/PEMS
3 CONTINUE
WRITE ¢ICUT, 12) SSLOF +NLOF + SM_OF + Fy PESS 1 NOFPE+ PEMS
12 FORMATUH +/111H LACK FIT +F15.9+14:1X0F15.8:1XeFB. 4
+ /118H PURE ERR »F15,9114:1X:F15.8)
2 CONTINUE
R2=REGSS,CORSS*100.
HRITE(IQUT» 1D R2
13 FORMAT(IH 155 (1H=) » /71 27H PERCENT VARIANCE EXPLAINED,
+ 13H (R-SQUAREDY »FB.4D
IF (IPRINT.EQ. 13 RETURN
LRITE CIOLT, 14) CIXRATA LD »YOATA LD 1 EXPCTO (D) »RESID (D oWTS (1) 4
14 FGRH‘\T(&H n//| IH 19X tHX 7X) BHY (@BS) 14X EHEXPCTD ) 40
SHRESID I GXoBHWTS 1 /1 1H 155 (JH=) 1100 ¢/ TH + I3, 2X05F10.4))
EE';URH
N

ooaOoooaOOO0n0 O

SUBROUTINE REPANR(INOUT. ISGRT M
GENERAL SUBROUTINE TU FIND THE PURE ERRGR SUM OF SQURRES GF A
SET OF DATA., BUTPUT INCLUDES MEANS: VARIANCES, SUMS OF SQUARES,
AND STANCARD ERRURS OF THE CEPENCENT VARIABLE (YDATAY AT EACH
VALUE OF THE INDEPENCENT VARIABLE XDATA, ARGUMENTS ARE M= NG.
OF DATA POINTS» INGUT=D PROVIDES ANALYSIS AND BUTPUT OF RESULTS,
INGUT=1 PROVIDES ANALYSIS BUT NB QUTPUY. INGUT=2 PROVICES QUTPUT
FROM AR PREVIBUS CALL WITH INOUT=1 QR D» ISERT=D SORTS THE DATA
(ASCEND ING) BEFQRE ANALYSIS: ISCRT=1 DOES NOT. THE FIRST M
ELEMENTS OF COMMON VECTORS XDATA AND YDATA MUST BE SET BEFOREC
CALLING. REQUIRES R BLNANK COMON AS DEFINED AND A NAMED COMDON
/CANDVL, TO CEFINC QUTPUT TARE (10U
ACDITIONALLYs ENTRY WITH INOUT=3 FINDS TOTAL SUM OF SQUARES
RITHOUT REPLICATE ANALYSIS.
T.S. BELLOWS.JR. CCT 1978.

DIPEN IGN XS (120) « YAVE (1200 » YSS(120) +NS (120) + YSE (1200

+MDF (120) + VAR (120)
CBH“GN XPATA (1202 + YDATA (120) +EXPCTD (120) +RESID(120) + XJAC (120» )
+ P THWTS (120) +MEDEL B () s XJTJ (3 D) WH (D D)
CBP‘I“DH /CREP1/ PESS NDFPE»SSTOT.CORSSCOR
CorrON ~CANABVIZIOUT

IF (M.EQ. 1) RETURN
IF (INOUT.EQ.2)GOTUY

YAVE (1) =0.

Yss<1)=0.

SSTOT=YDATA (1) *YDATA (1)

COR=YCATA (L)

CO 10 I=2»M

YAVE([} =0,

YS5(1y=0.

SSTUT=SSTATHYDATA (I3 XYDATA (I
10 COR=COR+YDATA (D)

IF (ISORT.EQ, 13 GDTO20
00 1 I=2.M

03 1 J=I.M

IF ODNTA (I-1) ,LE.XDATA () GCTOL
C=xRATA ([~

XDATA (1=-1) =XDATA (W)
XDATA (N =C

C=YDATA (I-1)

YOATA (I-1) =YDATA ()
YOATA (D =C

C=1TS (I=1) .

WTS (I-1) =WTS (D

-

CONTINJE

20 PESS=0.

NDFPE=0
COR=CORYCOR/FLOAT (M
CORSS=5STOT-COR

JF (INDUT.EQ.3) RETURN

Is=1

ICHECK=0

CNS=1,

XS (15 =XDATA LD

YAVE (IS} =YAVE (1S) +YDATA(D
YSS (IS) =YS5(IS) +YDATA (1) XYDATALD
IF(I.EQ,rOGOTOS

o o

Y9
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I=I+)
IF ODATA (1) LNE.XDATA (I-13 ) GOTAS
CNS=CNS+1.
GOTCS
IF (CNS.EQ.1.)GOTR?
YSS(IS) 2YSS (IS) =YAVE (IS) XYAVE (I5) /NS
VAR (1S) =YSS (IS) / (CNS=1.)
YSE (I5) =SGRT (VAR (IS) /CNS)
YAVE (IS) =YAVE (IS) /CNS
NS (IS) =CNS
NCF (I5) =CNS-1,
GuT08
¥35¢1S)=0.
VAR (IS)=0.
YSECISY =0,
NS (IS) =1
NOF (15) =0
PESS=PESS+YSS (IS)
NOFPE=NDFPEHNDF (IS)
IF(I.LT.MGATO1D
IF(I.EQ.M.AND.XDATA (I} .EQ.XDATA (I-1))GOTO I
IF (ICHECK.EG. 1)GOBTB11
ICHECK=1
13 IS=1S+1
GGTOS

IF CINOUT,EQ. 1) RETURN
WRITE (IOUT, 1)
+IrRITE (IBUT; 1?) O I P YAVE LD 4 YSS (I o VAR L) » YSE (I WNS (D) yNOF (1D 4
)
nwe=0.
IF (NDFPE.EQ.0)GATA12
YMS=PESS/FLCAT INDFPE)
12 WRITE (JOUT, 19) PESS M. NOFPE ) YMS

TURI
17 FURH\T(IH s /11H 4 1BHREPLICATE ANALYSISi/i1H « 38 CIH-) 42/
+1H GXy JHX19Xi SHAVE Y4 7X15HSS (Y2 4 6 X4 BHVAR (V) +7X) SHSE (V) +
TX1 RN 3Xs 2HDFy /1 IH 470 (1H-))
fo rommran iz s 30
) D(lH-)-/.IM 1 BHTOTALS, 18X F 12,5, 24X, 215
+END 1K 1 24HPURE ERRCR MEAN SGURRé :;12 5'} Xo2150 001

GENESEEW;’%EGEE&K;&”'N’x'n'RSS'FSUB)
R _USE WITH LEAST SOUARES FITTING ROUTINES,
CALLS THE SUBRGUTINE FSUB WHICH SHOULD DEF INE RESIOUALS IN COMMON
VECTOR RESID. RETURNS RESIDUAL SUM OF SGUARES IN RSS.

DIMENSIGN X(N) 4R (M

CGH"BN XDATA (120) + YDATA (120) »EXPCTD (1203 +RES ID (120} » XJAC (12033

1P ToWTS (1205 »MODEL 4G (3D ¢+ XJTJI (313 4+ H(T 4D

EXTFRNRL Fsus

CALL FSUB (MiN+XsR)

5=0,

DO 10 I=1.M
10 S=S+RESID () ¥RESID (D)

RSS=S

RETURN
END

Lul

~

o

1

-

SUBRGUTINE CHCKG (MeNyX1R»GSUB)
GENERAL . DESIGNED FGR USE WITH LEAST SQUARES FITTING ROUTINES.
CALLS THE SUBRQUTINE GSUB WHICH SKOULD DEFINE THE JACOBIAN
MATRIX IN THE COMMDN MATRIX XJAC.

OIMINSION X(N) JR (M

[ylelelsielelioivieleinlielieisisinizicieiolelolslelels s inloNeleis nlo alalslis]sg]

EXTERNAL GSUB

CALL GSLB MINI X R)
RETURN

END

SUBROUTINE PONIT(M:NsXsRsRSSsNC)
GENERAL. CUTPUT SUBRTNE USED BY NAG FITTING
ROUTINE EQ4FBF.
DIMENSION XN (R(M
HRITE (6r 1D NCIRSS
WRITE (6)2) (XD » I=1,N) .
1 FERMATUIH 1/41H » I5,E20.0)
2 FORMITUIH 43E15.7)

RETURN

ENOD

SUBROBUTINE PLOTS (Xs YsNS+ IXSIZSs IYSI2S, IXCODS XMAXS « XMINS . IYCODS
+YTRXS» YMINS « ICLEAR ISYMBS « SYMBL S« IRANGE + IPRINT) ITITLE «XTITLE,
+TITLE

GENERAL PLOT RGUTINE. CPTIGNS ANO PARAMETERS DESCRIBED BELOW.

X= VECTBR SIZE N WITH X VALUES

Y= VECTOR SIZE N WITH Y VALUES.

N= NUMBER CF POINTS

IXSIZE= WIDTH OF PLOT IN SPACES. DEFAULT LHEN =0 IS 120. -

IYSIZE= HIGHT OF PLOT IN LINES. DEFAULT LHEM =0 IS 70

IXCOOE= FLAG FOR CECISIGN OM MAX AND MIN VALUES FOBR ABSCISSA=
=0 FOR USE MIN AND MAX VALUES OF X-VECTOR
=1 FOR FIND MIN OF X-VECTGBRs USE PASSED ARGUMENT FOR XRX
=2 FOR FIND MiX OF X-VECTORs USE ARGUMONT PASSED FOR XMIN
=3 FOR USE PASSED ARGUMENTS FCR XMIN AND XX

XRX=MX VALUE OF X-AXIS. WILL BE DEFINED OR MY BE SENT( SEE IXCOOE)

XMIN= MIN VALUE FBR X-AXIS +AS FOR XMNX.

IYCODE =AS ABOVE FOR IXCCOE

YMAX) YMIN = AS ABBVE FOR Y-AXIS

ICLCAR= SET TO O WILL CLEAR PLOT BEFGRE USE: SET TO 1 WILL NOT CLEAR
PLOT. SHOULD BE SET TC 0 BN FIRST CALL.

ISYFDL= NUMBER OF SYMBOL IN VECTOR “SYMBLE" 70 BE USED FOR PLOTTING.
MY BE SET TO 31-10 FOR ROUTINE OEFINED SYBOLS. SET TO 11 FOR USER
OEFINED SUMBOL IN PARAMETER “SYrBOL". SET TO 0 ON FIRST CALL USES
ROUTINE CHOSEN SYMIOLS IN BROER CN SUBSEQUENT CALLS PROVIOED
RETURNED VALUE OF ISYMOL IS NOT CHANGED.

SYMBOL= CN ENTRY MAY BE SET TO USER DESIRED SUMBDL (REALAL) FOR
PLOTTING. RETURNS PLATIED SYrBOL,

IRANGE= XLCY FOR HANDLING GUT OF RANGE POINTS. PBINTS WILL BE HANDLED
ACCORDING 7O -~
0=POINTS CUT GF RANGE NOT PLOTTEDs: BUT WARNING IS WRITTEN
1=POINTS WILL BE PLOTTED AT EOGE BF PLBT: NG WRRNING
2= POINTS IGNORED
THIS PARAMETER IS NOT USED IF IXCOOE AND IYCODE =0

IPRINT=0 FCR PLOT TG BE PRINTED.={ FOR PLOT NOT PRINTED,

ITITLE=D FGR MO AXIS TITLES.=1 OTHERWISE (USER MIST SUPPLY TITLES
FOR BOTH AXES IF ITITLE=1)

XTITLE=ADR TITLE FGR X AXIS: IGNORED [F ITITLE =0

YTITLE=AB TITLE FOR Y AXIS: IGNORED IF ITITLE=0
IF TITLES ARE PRINTEDs PLOT REQUIES ADDITICNAL 2 LINES ON PAGE,

T BELLCWS»JR. AUG 77

DIMENSION X(NS) »Y(NS)

OIMENSION PLOT(78»121) 1»SYMBLE(11) +XSCALE(14) + YSCALE (B) nSPRCE(lB)
DATA SYMBLE/"D" " 1572 g 73", 74 #5N  HGH , uit MBw g wgn

OATA SPACE/16%" "/iBLANK/" “/y XLINE/" L “/nDRSH/" "/.PLUS/“+“
OATA TTLBLK/A" /s TILLNE/" "'/ BLNK10/" ‘e

S9¢
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OATA ICYT/G/
CoM BN CPLOTL, IOUT

N=NS
IXCODE=IXCCDS
TAX=XAXS
XMIN=0MINS
IYCODE=IYCGDS
YAX=YTAXS
THIN=YMINS
ISYMDL=ISYMDS
SYMDOL=SYMOLS
IXSIZE=IXS 125
IYSIZE=IYSIZs

FIX SIZE
IXSIZE=FLOAT(IXSIZE) /10.+.5
IXSIZE=IXSIZEXIO
IF CIXSIZE.GT. 120.0R. IXSIZELE.O) IXSIZE=120
IYSIZE=FLOATCIYSIZE) /10.+.5
1YSIZE=IYSIZE*1D
IF(IYSIZE.GT.70.0R. IYSIZE.LE.O) IYSIZE=70
IXSZEL= XS JZE+1
I1YSZEI=IYSIZE+]
RXSIZE=IXS IZE
RYSIZE=IYSIZE

CLEAR MATRIX PLOT
IFC(ICLEAR,.NE.0)GOTCLO
0B 11 =2, 1XS2E
PLOT(L 1) =DRSH
0O 11 J=2,IYSZEL

11 PLOT(Jy 1) =BLANK
03 12 J=1»1YSZEL

12 PLOT(y D=L INE
PLOT(1,1)=PLUS
00 13 I=11,IX5ZE1.10

13 PLOT(1, 1D =PLLUS
08 14 J=11+IYSZEL14+10

14 PLOT(J 13 =PLUS

FIND SYMBOL

10 IF(ISYDL,EQ.O) ISTMBL=,
IF C(ICLEAR.NE.Q.RND. ISYMBL,LE.Q) ISYMEL=ISYMEL 41
IF CICLEAR,NE.O,AND, ISTMBL.EQ. 10) ISYIMDL=1
IF (ISY'BL.EQ. 11 SYMDLE(11) =SYMBOL
SYMBOL=SYMBLE (ISTHDL)

FIX XAX XMIN

IPLTLP=-]

IF (IXCODE.EQ.D3)GOTO20
IPLTLP=0

IF (IXCODE, EQ.2) XSNVE=XMIN
IF (IXCODE.EQ. 1) XSAVE=X"AX
BAX=X (1)

XHMIN=XINX

DO 21 I=2.N

IF CAMNXL T XD PNX=X (D
IF OMIN.GT. X (I3 XMIN=X (D)
IF (IXCODELEQ. 1) XMAX=XSAVE
IF (IXCODE,EQ.2) XMIN=XSAVE

FIX YMAX, YMIN
20 IF ¢(IYCODE.EQ.JGOYO30D

2

-

an

IPLTLP=IPLTLR+{

IF CIYCODE.EQ. 1) YSAVE=YMRX
IF ¢(IYCODE.EQ.2) YSAVE=THIN
YMRX=Y (L)

THIN=YIAX

DO 31 I=2.N
IFOMRXLT.Y D) YMRX=Y (D
IFCMINLGT. Y (D)) YMIN=Y (D)
IF (IYCODE,EQ. 1) YMX=YSAVE
IF (IYCODE.EQ.2) YMIN=YSAVE

INSERT POINTS
30 XSPREQ=XMX-MIN .
IF (XSPRED) 101,101,332
32 YSPRED=YMAX-TMIN
IF (YSPRED) 101,101.33
33 IPLTLP=IPLTLP-IXCODE-IYCODE
IF ¢(IPLTLP.EC,1)GOT070
1F (JRANGE=-1) 40+50.60

WRITE LARNINGS BUT DONT PLOT RPOINTS OUT OF RANGE
40 IPNTCN=Q
WRITECICUT 43
43 FORMT(IH » 1SHPOINTS QUT OF RANGE)
00 43 K=1.N
XN=X (K)
YN=Y (K)
IF ONL.GT INAX.0R, XN LT XMINY GOTES2
IF (YN.GT. YMAX, OR. YN.LT. YMIN) GOTO42
I= O=XMIN) /XSPREDFRXSIZE+1.5
J3 (YN=YHIN) /YSPREDIRYSIZE+L.5
PLBT (S D) =SYMBOL
GOTG41
42 WRITE (JOUT» 44 Ky XN YH
44 FORMATC(IH » IS 3XrJHX= +E14.814H Y= +E14.6)

3

—

IPHNTCN=1

4! CONTINUE
IF (IPNTCNL.EQ. 1) GOTGO0
VWRITE (IGQUTs46)

46 FORMAT(IOK HONE)

GoTO8D

PLOT QUT OF RANGE POINTS AT EDGE OF PLOT«NC WARNING
50 00 51 K=1,N

I= (XK =XMIN) /XSPREDOWRXSIZE+L.S

IF(I.GT. IXSZELD I=IXSZEL

IFCL.LT. 1) I=1

J=LY (K) =YMIN) /YSPREDTRYSIZE+]L.5

IF (J,GT, IYSZED J=IYSZEL

IF(J.LT. D U=t

PLOT (4 1Y =5THD0L

GOTOED

IGNGRE OUT OF RANGE POINTS

60 DB 61 K=i«N
I= (X (K) ~XMIN) /XSPREDRXSIZE+1.5
IFCI.GT, IXSZEL. 0N, I.LT. 1) GOTOB!
J= LY (R) =YMIN) /YSPREDFRYSIZE+] .5
IF (J.GT, IYSZEL.OR.J.LT, 1) GATOE
PLOT(Jy I =5TTROL

61 CONTINUE
GoTO80

MXIMUM EFFICIENCY LOCP IF ROUTINE FOUND MAX~MIN VALUES FBR DOTH AXES

5

-

89¢
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70

7

00 71 K=1.N

I= (X K) =XMIN) /XSPREDIRXSJZE+!.5
J= (Y (K) ~YMIN) /YSPREDIRYSIZE+1.5
PLOT(Js 1) =SYMOOL

CKECK FBR PLOT TGO BE PRINTED
80 IF (IPRINT.NE.0)GOTOIGO

FIX SCALE PRINT VECTORS

81

82

IXS=IXSI/)0+)
IYS=IYSIZL/10+1
X5=IX5-1
Y3=1YsS~}
XSPACE=XSPRCD/XS
YSPACE=YSPRLD/YS
DB 81 I=1,IXS

XI=I-1
XSCALE (1) =XI*XSPACE+XMIN
DO B2 I=1,IYS

YI=1-1
YSCALE (1) =YIXYSPACE+YMIN

CHECK FBR TITLES

[l
Do

96
95
100

98

a7

i8¢

101
102

UNDRLN=TTLLNE
IFCITIMLE. NII 0) GGTOS0
YTITLE=STTL
UNDRLN= ‘I‘I'LBLK
WRITE (I0UT»S2) YSCALECIYS) » (PLOTIIYSZEL 1J) 1 J=10 IXSZED)
FORMAT (" “+E10.34§21A1)
WRITE (JBUT,93) YTITLE (PLATCIYSZEL-10d) »J=1y IXSZEY)
FORMAT (" “,AB,2X: 123A%)
WRITE (IQUT,92) UNORLN+ (PLBTCIYSZEL=2+J) 1 J=14 IXSZEL}
00 91 X=147
KK=IYSZ2E1-K-2
WRITE CICUT O (PLBT(KKJ) vJ=14 IXS2EL)
FORMAT(" “.10Xs121A1)
F(IYSZEL L EQ. 11 GOTAL00
s T=IYS-2
D3 95 K=1,1YS
KK=TYS~K+1
K10=KKX10+1
KRYSC=KK+1
WRITE (JOUT192) YSCALE (KKYSC) » (PLOT(K1Q+J) +J=14 IXSZEL)
00 96 KKX=1.9
KKJ=K10-KKK
WRITE (IBUT 184 (PLOTKKJ ) 1J=4) IXSZED)
CONTINUE
WRITE (JOUT.92) YSCALE (1) » (PLAT(1 »J) +J=11IXS2EL)
WRITE(I0UTSB8) (XSCALE (J) +J=1) IXS)
FCRFRT (" "+6X+13E10.3)
IFCITITLE.EQ.Q) RETURN
K=IXSIZE/10-1
WRITECICUT97) (ELNK104J=14K) «XTITLE
WRITE (10UT:97) (BLNK IO I=14K) 1UNORLN .
FORMAT(" “412A10)
ISYrnsS=IsyroL
SYMELS=SYrui0L
RETURN
WRITE(IOUT, 102)
FORMAT (1K + 18HNG SPREAD TO DATAL)
6070188
END

L9¢
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