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SIT-
ABSTRACT

Some approaches to the modelling of

. coevolutionary interactions - . 70T

- §imon A. Levin

" The rolé of models in the understanding of caevolutionary interactions

" ' is explored, ranging from explicit genetic models to purely phenotypic oness

Special attention is devoted to gene-for-gene piant-pest resistance systems,

. the evolution of avirulence in host-parasite associations, and the evolution

.. of aspect diversity_irn_predator-prey commamnities.

Explicit genetic models are most appropriate to small ensembles of

:tightly interacting species in which the genetic basis of change is well

'ﬁndersfoud. The géne-ior-géne systems of cereal plants and their fungal
pathogens are ideal in this regard. However, most classicai models ignore
ecological and epidemiological interactions, which are critical to the
understanding of phenomena such as the evelution of reduced virulence in

parasite-host associations and the stabilization of such associations at

 intermediate levels. Models which incorporate these elements are discussed

in some detail, with special reference to extensions of the work of Levin and
Pimentel (1981} on the interaction between the myxoma virus and -the

Australian rabbit (Qryctolagus cuniculus).

Diffuse coevolution, involving many species, requires yet a different
perspective. The work of Levin and Segel {1982) on the evolution of aspect
diversity in predator-prey communities is discussed, and the critical issues

identified. Extensions to other systems are suggested.
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1. Introduction

Models of evolutionary and coevolutionary processes, just as models in so many
branches of science, serve primarily to aid our understanding and to provide a framework
within whiéh to couch questions. As Jacob {1977) points out, the process of evolution is
more the work of a tinkerer thar that of a master craftsman. The influences of the
historical record and stechastic even{s predominate. Hence, whereas explanation is an
achievable goaly prediction is often impossible.-

There are exceptionst the development of heavy metal tolerance and pesticide
resistance are predictable responses 10 stresses, and even estimates of the time 1o
develop resistance can sometimes be forecast with reasonable accuracy (B. Levin et al-
1982). But these relate to single factor influences. What makes evolutionary prediction
so difficult is the coevolutionary context, including both interspecific and freguency-
dependent intraspecific effects., Decause of the complexity of interactions within
ecosystems, the problem of predicting changes is a vexing one even on an écological time
scale. Prediction of evolutionary change is even more refractory- The difficulties are
basic and inherent in the nature of large-scale nonlinear systems with complex linkages;
their dynamic behavior is typically erratic and highty sensitive to slight parameter
changes- Deviations in the behavior of initially similar systems may become magnified as
effects are propagated through the network of system interactions and feedbacks; this
makes detailed forecasting 2 virtually impossible chore. ©On the other hand, the
retrospective approach has been a very profitable one in evolutionary theory, and has led

to great advances in our understanding-
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4. Population genetics end evolutionary thestl

Much of the classical theory jeading to the modern synthesis of population genetics
and evolutionary theory emerged from beginnings in plant and animal breeding, in which
selection regimes were generally single factar and were well understood because they
were imposeﬂ by the breeder. within the context of artificial selection, remarkable
strides were made in bridging the gap between 2 phenotypic view of evolution and one
based on genotypic propor tions; put in the study of evolution in natural settingss the
probtems remain severe {Lewontin 19380). In fact, Mayr (1982; see also discussion 1n Lewin
{19%2)) argues that population geneticists present 2 reductionist view of evolutionary
change which is an impediment 10 understanding.

Important among the contributors 1o the synthesis of the 1930's were three
men--Sewall Wright, Ronald Fisher, and J. B 5. Haldane--who developed the mathemati-
cal theory and explored its ramifications. Among the majar achjevements of the theory
were ways to relate population—level properties, such as changes in mean fitness, to
events at the individual level. The search for MAacroscopic parameters and the description
of their dynamics were and remain central problems in evolutionary theory- Fisher's
Fundamental Theorem of Natural Selection and Wright's Adaptive Surface together tell
the story of the population's gradual progress through inferior regimes of mean fitness
until seme pinnacle of fitness is achieved, albeit perhaps not the highest of pinnacles.
This paradigm has undoubtedly peen among the most powerful in evolutionary theo.r_y, and
has contributed to the rise of optimization theory in evolutionary ecology- ‘

But it is a misleading paradigm. The conclusion that populations evolve towards
maximization of mean fitness is easily vitiated, and the worst culprit is frequency
dependence (see levin 1978). Indeed, there are other impediments--environmental
change, linkage, epistasis, and density dependence. But provided the eifects of these
complications are not too severe, weakened versions of the Fundamental Theorem can be

constructed.  In theory that is also the case with frequency dependence; but, where
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ecological interactions are involved, frequency-dependent effects must eventually become:

severe as populations reach the limits of available resources. By definition, a population

in near steady state has mean fitness near 1, and evolution cannot improve on that over -

.. the leng term. An.evelving population necessarily is genetically heterageneous, and one in
whith the frequencies; of genotype are changing. As a consequence of this change, the
environmental milieu also shifts. Thus, even in the intraspecific case, the population is
coevolving with its envirorment. This leads to nenlinear feedbacks which confound the
simplistic tﬁéory. Indeed, theoretical examples involving frequency dependence can be
constructed in which mean fitness is minimized rather than maximized at equilibrium.

. Them:ists delight in the demonstration of such problems, for they show that the
mathematical theory is not tautological. The paradox arises because, while Nature
selects . the most fit within a given envitonmental context, simultaneously that centext
changes- {coevolves} as-a consequence of selection. Gould (1977) points out, "Natural
selection i$ a theory of local adaptation to changing environments. It proposés no
perfecting principles, no guarantee of general improvement." Lewontin {1977) succinctly

summarizes, "Adaptation, for Darwin, was a process of becoming rather than a state of

final optimality.”

IlI. The classical theory applied to interaéting populations

Wright set forth a discrete-time framework (summarized in Wright 1935} for
describing evolutionary change, one which has influenced the mathematical development
ever since. This framework extends naturally to systems of interacting populations and to
changing environments, including effects resulting from frequency and density
dependence. Mode {1958} pioneered models of coevolving populations in considering the
gene-for-gene resistance systems of cereal grasses and their associated pathogens.
Subsequently, numerous others have studied similar genetic models (e.g. Jayakar 1970; Yu

1972; Levin and Udovic 1977; Levin 1978). Levin and Udovic (1977} summarize the
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“complexity of possible relationships. when: gene frequencies. and population densities in

only two species are considered (Fig. 1}. : < hére |

In the case af m populations, dencted by k = 1, ..., m, and each with ny, alleles at a

single locus, the equations of change are

ok ok, =k gk oagkak
(};(i)—piwi.fw s INP=N"W , {1

* k=hyargmiizlicenn.

Here 2'115 and (p_ik)‘ denote respectively the frequencies of the ith allele in the kth

k. . . K
population in two successive generations, _u_-ls is the mean fitness of the k' population, wr

is the mean fitness associated with the ith atlele in the kth population, and N¥ and ey

' are the successivé population densities of the kth population (Levin and Udovic 1977)

As already suggested, it is in general impossible to use models of this form (or

. multi-locus extensions) as the basis for prediction of the coevolutionary process. Yet they

fulfili an indispensable role in providing a basis for thought, and as aids to the
understanding of the influences of evolving populations upon one another (Levin and-.
Udovic 1977, Levin 1973). '

Literal interpretation of models of the form (!} is most nearly justified when they
deal with interacting‘ species which are tightly coevolved, for example highly specific
mutualist or parasite-host systems {see Janzen 1980, Feeny 1982). The best such
e;xamples are for the cereal rust gene-for-gene systems already mentioned, in which
coevolution is ltight and the genetic basis well understood.

Cereal rusts damage their hosts by injecting hyphae to collect nutrients, and
forming surface pustules which may contain tens of thousands of uredospores capable of
dispersal for thousands of miles and subsequent germination on new host plants (Stakman
and Christensen 1946, Hogg et al. 1969, Van der Plank 1975). Damage to the host plants

may be severe.
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Flor (1955, 1956) studied the genetics of the interaction between flax (Linum
usitatissimum) and the rust Melampsoa lini, and his fundamental work has inspired
theoretical investigations (e.g. Mode 1958, 1960, 1961; Person 1966; Leonard and Czocho;'
1978; Lewis 1978, 1981a, by Fleming 1980, 1982) and empirical studies of other cereal-
cereal rust associations.

Flor found that there were 27 genes for resistance (R genes) distributed as multiple
alleles at five loci in flax. Only two of the loci are linked {with 26 per cent
recombination) (Flor 1955, 1956). Resistance is inherited as a dominant character.
Virulence in rust is controlled by a complementary system that identifies in a one—to—oﬁe
‘relationship each gene in the host with one in the parasite. Virulence is recessive, and the
genes for virulence are located at distinct loci which segregate independently. Because of
the "gene-for-gene" duality, resistance will only be operative provided at least one gene
for resistance is present in the host and the corresponding gene for avirulence is present
in the parasite. That is, the (homozygous) virulént parasite- can overcome the corres-
ponding resistance in the host.

Such single gene-for-gene relationships have been found in a great many other
parasite-host systems (Person 1966, Pimentel 1982), although their genericness as models
for disease resistance has been sharply challenged (Gracen 1982} Their structure makes

them the perfect subjects for coevolutionary modelling.

Because parasite generation time is much shorter than that in the host, the potential

for parasites to evolye virulence ta overcome single resistance factors is great. On the
other hand, because the primary method of dealing with pathogenicity on cereals is the
continual introduction of resistant varieties, the possibility exists for a highly oscillatory
rejationship between parasite and host, Such oscillations are cornmon in U.S. agricultural
_cereal systems,

However, in the Middle East fertile crescent region, the comparable systems are

relatively stable, free of epidemics despite favorable environmental conditions which are
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paradises of apportunities for plant diseases (Browning 1974, Dinoor 1974). Numerous
authors (e.g. Browning 1974, 1980; Pimentel 1982} argue convincingly that this disparity is
a consequence of the genetic oversimplification of American agriculture, and that
parasite outbreaks will be rare in systems Qhere host populations have been allowed to
evolve heterogeneously or where host individuals with differing resistance mechanisms are
interplanted. Host interspersion creates a "flypaper" effect, in which resistant hosts trap
individuals which have dispersed from nearby vulnerable plants; this concept has been used
in the control of plant pathogens on wheat and oats (Jensen 1965, Browning and Frey
1969).

Because of the importance of stability in these systems, models which allow
exploration of the conditions under which the parasite-host interactions will stabilize have
received considerable study. However, in general these have been closely tied td the
gene-for-gene hypothesis and have not considered epidemiological detail or geographical
distribution, or aspects such as cross resistance among hosts or host diversity.

Mode (1938) considers a host-parasite model in which there are two resistance genes
at a single locus in the host, and two corresponding virulence alleles at independent locl in
the pathogen. As with many similar efforts which have bullt on. Mode's approach, the
model is formulated entirely in Aterms of the frequencies of different ﬁms wi.;chin thg
population, and mass-action assumptions are substituted for a detailed consideration of
the host-parasite relationship. Thus the probability that a particular type of host will
come into contact with a particular type of pathogen is assumed to be proportional to the
frequencies of those types in the population. In later work, Mode (1961) allows for the
possibility that some pairings are more likely than others, but according to a fixed
preference scheme. Such assumptions, which are more appropriate to predator-prey than
to parasite-host interactions, ignore the fact that parasites are non-uniformly distributed
over their hosts, especially in microparasitic infections in which the parasite multiplies en

the host (Anderson and May 1979, 1982a). The signiticance of this will be developed later.
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Mode (1958) utilizes a continuous time (weak selection) analogue of the equations of

Wright {see Kimura 1958, Crow and Kimura 1965), and obtains by standard methods the_

conditions for stability of polymorphic equilibria. Of course, in the .absence of costs to
resistance or of constraints {e.g. due to segregation) on its evolution, a host population
should evolve towards maximal resistance. Similarly, in the absence of costs and
constraints, maximal parasitic virulence should evolve.

But there are costs, some metabolic and others ecological or epidemiological. For
example, as resistance at a particular locus declines, parasites which are virulent at that
locus are likely to be at a competitive disadvantage. This general feature has beeﬁ
incorporated.into most modefs, including Mode's original work involving many strains of
parasites which differ in their loci of virulence (Mode 1960, 1961). The protofypical
model is that introduced by Mode (1960), in which both populations are effectively
asexual. As Mode (1960, 1961) discovered, such models never lead to a stable equilibrium
unless some form of intraspecific frequency dependénce i5 assumed.

The classical formulation (i la Mode) has been explored recently by numerous
authors. Leonard {1977) develops a mathematical model which is a slight variant. But as
is pointed out by Sedcole (1978), Leonard's model is still unable to support a stable
equilibrium. Computer simulations by Leonard and Czochor {1978) suggest the existence
of a stable equilibrium. But as Fleming {1980) discusses, this stabilization is due to a
transformation of the cereal model from a parallel or simultaneous form to a serial or
sequential one (which Leonard and Czochor {1980} argue is biclogically more appropriate);
this introduces an artificial stabilizing frequency dependence (Levin 1972, Lewis 1981a).

All of these models are based on the assumption that fitnesses within each species
depend only on the characteristics of the other. Host fitnesses may depend on relative
parasite levels, but not on the level of resistance in the host population; parasite fitnesses
are determined entirely by the host. The continuous time description of the evolution of a

single gene-for-gene system is then
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dR

b T R{l - R)FR(V)
‘ 2
dv

rrl V(1 - VIF(R)

(Fleming 1982). Here R is the frequency of the resistant gene in the host, and V is the
frequency of virulence in the parasite. _F_R(!) and EV(B_) are functions of ¥ and R -
respectively which are often taken to be I.inea_r, but that-i-s not essential. .‘T.he. system (2)
can never support a stable polymorphic equilibrium; any such equilibrium‘will bg neutrally

stable. The orbits of (2) are the solutions to

FR(V) FV(R) L
W-w ¥ cm-m R - e

and thus have the first integral

Fav) FyR)
s WI-v dv - Im dR = constant. ‘ ()

As with the Lotka-Volterra equations, there exist a family of curves (deﬁned. by (4)),
among which the system can be arbitrarily shiftéd by perturbaﬂons. There is no
homeostatic response towards any particular path, no tendency to return to an. initial
curve after displacement. In general, under reasonable assumptions, these curves will be
closed orbits about a neutrally stable equilibrium peint {see Fleming 1932).

H diploid genetics are introduced, it is possible to stabilfze such parasite-host
interactions by some form of heterozygote non-intermediacy. Mode (1958), in a paper
which curiously is not cited in Mode {1960, 1961), considers a diallétiﬁ-digenic model of a
host-pathogen system. There are three host genotypes--glgl, R|R,, 3232--where Ry
and R, are distinct alleles for resistance. Pathogenic virulence with respect to 31 and 32
is assumed to be controlled at a pair of unlinked loci, although Mode discusses briefly the

possible effects of linkage. Mode finds that a stable equilibrium, polymorphic at every
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jocus, can be maintained in this model provided a number of conditions apply, the most
critical of which is that a parasite which is heterozygous at a particular locus, when
ass_o.ciated with a homogzygous host with the torresponding resistance, is at a competitive
disadvantage relative to the avirulent homozygote. This assurnption means that there is a
cost assaciated with carrying a single recessive gene for virulence. It is further assumed
that,. sh a. host homozygous for a given type of resistance, a parasite homozygous for
virulence at both loci is at a disadvantage relative to an individual cartying only the

necessary virulence. No data are presented to support these assumptions, and in fact they

. seem contrary. to the evidence (Sidhu 1975). The stable equilibrium in Mode's model

involves margina! underdominance in the parasite, and marginal overdominance (cf.
Wallace 1968) in the host.

Fleming (1982) considers a model describing the interaction between an asexual host
and an outcrossing parasite, in which the domiﬁance of avirulence is incomplete. He
shows that a stable polymorphic equilibrium is possibfe if the penetration of dominance is
greater on susceptible than on resistant hosts. Fleming points out that the resultant
stable equilibrium also requires marginal overdominance for the host. '

COther attempts to incorporate diploid genetics have treated the parasite as asexual,
but the host as a cfipioid self-fertilizing form. Lewis (198]a, b) develops the general
framework, built on the structure and notation (1) developed by Wright (1955; see Levin
and Udovic 1977, Levin 1978). Related mathematical studies may be found in Jayakar
(1970), Levin {1972}, Yu (1972), and Clarke (1976).

Fbllpwing Lewis' treatment, consider the interaction between a panmictic diallelic
diploid host and a diallelic haploid pathogen. Let A, a be the - ﬁost alleles, with
frequencies p, 1 - p; and let B, b be the pathogen alleles, with frequencies g, ! - g. In the

simplest {symmetric) case, the mean fitnesses of the two pathogen types are given by

vy = plo +2p(l - P8 + (1 - Yy ()
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and

v; = pPy +2p(l - p)B +(-pa , (6)

in which o, 8, and v are the fitnesses of the pathogens respectively on tﬁe host
genotypes AA, Aa, 2a.

Correspondingly, the host fitnesses in the presence of a given' pathogenic infection
are taken to be the complements of the associated pathogenic virulences; thus, for
example, | - g is the fitness of AA when associated with pathogen B. x is the probability
that a given host will be attacked, and uninfected hosts are equaily fit. The pverau

fitnesses of the three host genotypes are then given by

Wan = L-x+x(qll-a)+(1-gl-y)] = l-xiqa +{1-qgly]
Way = 1-x+x{qli-gY+(l-gqXL-B)] = [ -x{g] N
Wy, = l-x+xlqll )+ U-glt-a)] = 1-x[qr +{l-qa] .

This model generalizes these of Jayakar (1970) and Yu (1972). However, it is not
consistent with those gene-for-gene systems in which resistance is dominant.
Following standard procedure {see Levin 1978) one obtains the equations of change

of gene frequency. Letting primed variables denote frequencies in a successor generation,'

we obtain
' WAA+(1'p)wAa ¥a, ®
P = PRlpwan s (T Piwp,) + (- PRpwy, + (- Pw,) ~ Ppw +{T-phw,
v
. B. g
¢ = 9y @

(8) - (9 is a special case of (1), with densities ignored.
As Lewis shows, and as symmetry dictates, the polymorphic equilibrium of this

system occurs at p = q = 0.5, Stability is analyzed by standard linearization methods, and
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shown to be tied to the necessary and sufficient condition

82<u*{- vi .

o -v) (a;v)z_(a-y)z (10)

Lewis (1981a) ackﬁowledges the validity of Levin and Udovic's {1977) conclusion that
in such coevplutionary situati_ons host heterozygote superiority or inferiolrity is a
necessary condition for a polymorphic equilibrium, but argues that it is not clearly
interpretable on the individual level. In fact, this claim is a bit misleading. The
symmetry of the problem assures that the heterozygote cannot be strictly intermediate at
equilibrium; thus the condition is a trivial one. However, something stronger can be said:
once again, marginal overdominance 15 essent-iaj. The condition for host heterozygote

advantage at equilibrium is
B < (a+y)2, (1)

which clearly is a necessary condition for (10) to be satisfied, and hence a necessary
condition for stabilitSr. Condition ([ 1) is easily interpretable at the individual level. Note
that the stricter condition 8 < min{a , v), which states that the heterozygote is most fit
at every pathbgen frequency, is neither necessary nor sufficient for 'the existence of a
stable equilibrium.

Lewis notes further that if « and y are too different, no stable equilibrium is
possible, citing the case when one of these vanishes. In fact, it may be easily seen from
{10} that the relevant necessary condition is that the right-hand side be positive, which
will be the case provided the ratio of the larger to the smaller of o and y not exceed
3+ 2/2. If this condition is satisfied, then there are B's satisfying {10); otherwis.e, there
are not. If the ratio is less than 5, B < min{a, v ) is a sufficient condition for stability;

but in the thin region (of afvy or y/a) between 5 and 3+ 2/Z ~ 5.8, heterozygote
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superiority at all levels stilt fails to insure the existence of & stable, polymorphic
equilibrium, o

Heterozygete non-intermediacy is in ggneral a necessary condition for the existeﬁce
of a polymorphic equilibrium in such systems (Levin and Udovic 1977), although there are
degenerate examples in which this conditien is not strictly satisfied. For example, in the
extreme case that the heterozygote fitness is always the geometric mean of the two
homozygote iitnes;es, the system {6) - (7) reduces to a doubly haploid mode! of the type
discussed earlier (Nagylaki 1977, Lewis 1981b), and creates a rather special situation
whereby polymerphic equilibria are feasible with all three ﬁmésa'es.equal. But as we saw
earlier, such ' models are not inherently stable in character.

In the absence of stabilizing forces, host-parasite systems will have.a. tendeﬁcy to
oscillate; consequently, one may observe sustained oscillations of limit-cycle or more
complicated type, or system collapse. The existence of "invariant circles"--discrete
analogues of limit cycles--may be studied by way of appropriate versions of the Hopi
bifurcation theorem (Guckenheimer et al. 1977} for B close to the threshold suggested by
{10). For g larger, it is likely that not only periodic, but aperiodic and chaotic patterns
will emerge (see also Anderson and May 1932a), These may be asymptotically stable,

unlike those in the system (2).. Study of sustained nonlinear behavior of the solutions to

 host-parasite equations in the unstable case has been largely restricted to numerical

simulation (Yu 1972, L.eonard and Czochor 1978, Fleming 1980, Lewis 198ta)

More general models of host-parasite interactions will lead to stabilization of
polymorphic equilibria without heterozﬁ'gote overdominance. These consider both intra-
specific and interspecific frequency and density dependence. There are a wide variety of
possible influences on stability, represented by the many feedback loops shown in Figure
1. Foliowing Wright (1955), Levin and Udovic (1977) derive the general set of equations

(12) , which are a special case of (I):
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pi‘ = piwi.lw H q]

N' = Nw , M = MV .

' = q. .f— ’
44 (12)

Here, Ei' gj_' N, M denote respectively the gene frequencies and population densities in the
two populations. The subscripts distinguish alleles, and hence any number may be treated.
The system (3) - (9) is easily seen to be a special case of (12).

System {12) allows consideration of ecological interactions that are more general

than host-parasite, and Levin and Udovic (1977) expiore the interplay between the

"genetical" conditions for stability and the "ecological" ones. Special cases include:

Levin's {1972} study of stability in host-parasite or prey-predator genetic feedback
sg;stems, in which hest {prey) genetics interact with parasite {predator) densities, and
Gillespie's complementary work (Giliespie 1975), in which intraspecific frequency
dependence in host evolution emerges from consideration of parasite numbers. These are
discussed in more detail in the next section, as are‘more general epiderniological modeis.
Other mechanisms may also serve to stabilize host-parasite systems: environmental
patchiness (Karlin and McGregor 1972, Clarke 1976), multi-locus effects, inbreeding (see
for example Mode 1961), and alternative hosts {Lewis 1981b, Fleming 1982). Some aspects

of these also relate to epidemiology, but will not be treated further in this paper.

IV. Host-parasite models incorporating epidemiological considerations.

Anderson and May (1982a) provide a useful categorization of host-parasite models.
These include the "explicitly genetic" models of the preceding section; ones which posit

some frequency dependence in host genetics; those which "let conventional epidemiologi-

cal assumptions. .. dictate the form of the frequency dependent fitnesses"; and those

which focus more on the epidemiology and suppress the genetic details. These represent a
spectrum, not a set of discrete choices, and one must let the problem at hand dictate the

particular form,
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It is nearly dogma in the parasitological literature that host-parasite systems will
evolve towards commensalism (Mode 1953, Burnet and White 1972, Hoeprich 1977,
Alexander 1981, Andersen and May 1982b, B. Levin et al. 1982). As Anderson and May

- (1982a) summarize, most textbooks simply take as obvious that parasitic species which

destroy their hosts cannot long survive, and wili be replaced in time by less and less
virulent strains in inexorable progress towards commensalism. But the situation is much
more complicated.

Evolution in parasite populations represents an interplay between conflicting
factors: within an individual host, the race is to the s\_wift and evolution will favor those
with the highest rates of reproduction, which is likely to mean those with higher
virulence. But the parasite population is a shifting mosaic of demes associated with
individual hosts, and the capacity for profligate growth dooms one's host to a shorter life
expectancy and reduces the contribution to the larger (mega-) population. Depending on
the balance between these factors, some evolution towards attenuation might be expected
among parasites, but this attenuvation may be checked far short of commensalism (Levin
and Pimentel 1981, Anderson and May (982a, Bremermann and Pickering 1982). These
points are most clearly manifest for monoclonal infections, but remain valid even when
secondary infections and polyclonality are possible {Levin and Pimentel 1981, Brem.ermann
and Pickering 1982). However, theoretical arguments suggest that in polyclonal
situations, where the genetic relatedness of individuals associated with a particular host is
lessened, parasite evolution towards attenuation should be less effective than if
menoclonzlity obtained. This further suggests that there will be less parasitic evolution
towards avirulence in macroparasitic organisms such as helminths, and increased pressure
for the development of resistance among their hosts.

One might expect evolutionary pressures in the host to present a less equivocal
picture (Person 1939). In general, there will be no advantage to the host to be susceptible

to the ravages of the parasite, and there should be a continual, if slow, evolution of
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increased resistance. However, as we infer from examples in which the removal of

selective pressures results in a loss of resistance, there may be costs associated with the

resistance. As suggested earlier, when such costs exist there will be selection against
resistance at low disease levels. Thus, as in the case of parasitic virulence, one should
expect protected polymorphisms for intermediate levels of resistance. Of course, there
will also be cases where resistance becomes fixed and the parasite is virtually eliminated.
As long as polymorphism in both species exists, the inherent oscillatory character of the
host-parasite system encourages occasional localized outbreaks and even system-wide
fluctuations. As already mentioned, such oscillations may be stable and sustained, unlikle
those observed for the system (2).

Motivated by Haldane's insights (Haldane 1948), Pimentel (1961, 1968) and Levin
(1972) explicitly incorporate cost into a model of the interaction between host (prey)
genetics and parasite (predator) density. As discussed in the previous section, Levin
{1972) shows that a balanced polymorphism for resistance may result, at levels which will
regulate parasite density; but this stabilization requires marginal overdominance. On the
other hand, by incorporating epidemiological considerations, Giilespie (1975) was able to
obtain stabilization at intermediate levels of resistance in a haploid host, or in a dipleid
host in which resistance is dominant (as in the gene-for-gene systems) or recessive.
Gillespie's work has been extended by Kemper (1982), Longini {1982), and Anderson and
May (1982¢, d) to Include wider classes of disease (see review in Anderson and May 1982a).

Parasitic evolution towards attenuation is of a different sort, and relies on
interdemic selection. Pecause of the integral nature of the association between host and
parasite, and the fact that in monoclonal infections the host is in essence a parasite deme,
these systems represent the best of all possible candidates for interdemic selectlon to be
important. This is, of course, the basis for the conventional wisdom in parasitelogy that
parasite-host systems should evolve reduced virulence. But the fact that there should be

a tendency towards some attenuation does not imply that the end result will be
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commensalism. Available data {e.g. Fenner and Myers 1978) and theary (Levin and
Pimentel 1981, Anderson and May 1982a, Bremermann and Pickering 1982) sugpest that
stable intermediate levels of resistance are to be expected (see review in B. Levin et al
1982). For example, the smalipox virus seems to have achieved virulence stasis long ago,
and has not undergone substantial change in a millenium and a ha.lf.(Fenner, pers. comm.).
It is has often been pointed out {Lewontin 1970, Levin and Pimentel 1981, B. Levin
et al. 1982) that landmark studies by Fenner and his colleagues {(Fenner and Marshall 1957,
Fenner 1965, Fenner and Ratcliffe 1963, Fenn& and Myers 1978; see also Saunders 1980}
of the interaction between the European rabbit (Qryctolagus cuniculus) introduced into
Australia and the myxéma_ virus introduced to controi it present perhaps the best
documented evidence for the evolution of reduced virulence in host_‘-parasite systems.

Similar studies an myxomatosis in Oryctolagus in Britain and France are reported in Ross

(1982), and discussed by Anderson and May (1982a). , 4= h

In the Australian system, Oryctolagus was at outbreak levels by 1330. The myxoma
virus, which lives in the South American tropical rabbit levilag-us brasiliensis without
producing any generalized disease, was introduced in 1950 as a control mechanism, and
Oryctolagus showed a 99.8% case mortality. This led to a near elimination of the rabbit
poputation {(Fig. 2). Evolution in the virus towards reduced virulence was rapid, ‘and was
subsequently reinforced by evolution of resistance in the rabbit. This led to an overall
reduction in observed mortality (Fig. 3). Whereas the viral population in 1950-51 was
composed almost totally of grade 1 virutence individuals, by 1963-64 grades I and I were
virtually eliminated and the average individual was about a Illﬂ (see Table t). Simiiar
trends were observed in Great Britain and France {(Anderson and May 1982a, Ross 1982)

after introduction of myxoma in 1952. It is not yei known whether these represent stable

i 3,
- : - . <« Tapcl
equilibria or whether there will be a continuing trend towards avirulence. heve

Inspired by Fenner's work, Levin and Pimentel {1981} analyze evolution of avirulence

in parasites by means of a model based on the system described in Figure # The
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"i.unda;nental‘_namre‘ of th-e.-ir'sodel_'iéj't!\'a't-ho’.‘e.t's."are 'dividedjin‘to-a: number- of categories.

based on which parasites they harbor; only twe strains are cunsidered, but in pl;inciple any
mgrhber could be. The model tgnores parasite densities on a host, and considers onl.y
whether the host has been infected with a particular strain. This is an obvious
oversimplification, but does not affect the main conclusions. Nonetheless, given the
relation of mortality to parasite load (Anderson and May 1981) and the influence on
transmission characteristics, 1t_ would be of interest to examine the effects of parasite
densities.

Based on Figure &, one obtains inmediately the system

B . el 1) waBlSI 32512

a, :

- 81511 - (b +Gl"1 -i--(.‘ZY1 B'l - 0232)1112 {13)
dI‘z' Lo

Tt = BpSly= Bvaly v (9,85 - 018011,

in which 5 is the rumber of suscéptible rabbits, 1, is the number of rabbits infected with
parasite I, and_l_2 is"the number of r'abbits infected with parasiie 2. All hosts have the
same birth rate r, and newborns are uninfected. b is the death rate of susceptible
individuals, and b +. 3 is the death rate of those housing parasite i. Bi is the
transmissibility of stra;n iy and 9, measures the susceptibility to invasion by st—rain iof
individuals infected with the co—rnpetitor strain. Here invasion implies competitive
dispiacement of the resident parasite. For simplicity, the mixed stage _l_3 is ignored. This
assumption wiil be relaxed later (system (20)}, but consideration of the intermediate stage
does not affect qualitatively the results. ‘I shall also later relax the assumptions that the
birth rates for all hosts are identical, and will allow for recovery from infection.

Parasite 2 is the virulent strain, and hence @, > ;. In Levin and Pimente} (1981),
it is assumed that Bl z 82 and oy = 0. However, as observed by Anderson and May

{1982a), the model and its conclusions apply equatly when 0y # 0. Then, assuming r > b,
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the system (13). with’ ﬁl = Bz supports a lcx:a.lly stable’ p@lymorphnsm pfowded the -

reiatuuzed life exper:tancy of the wrulent—miected tiost, r/(b: + “2) is sutftcuéntly short,
and that of the avirulent-infected host, rf{b + ali, is sufﬁmently long. Specifically, the

conditions are

. (o5- aXr-b)
B+ a5 © I- Qg = o “Br o
2 2 1 1

(14)

If the first inequality in (14) is violated, the virulent stra.m will eliminate the
avirulent; if the second is violated, auru.lence will win. But if (14} is satisfied,

intermediate levels of virulence will result, at the levels

_ . bt+a,- 85 _ BS-(b+ ap 5
S=rle, Iy = 75, oy » 27 TEle, o) ¢

where

e = 8l=log- o Nr-Bay- ). - ‘ (16)

These conditions are simply translation of the results ‘obtained by Levin and Pimentel
(1981). Coexistence of strains here depends on the invasion of avirulent-infected hosts by
virulent viruses, If the right inequality in {14} is violated, a new steady state is attained
at host densities too low to allow the virulent strain to survive in the population.

It is important to note that selection for intermediate levels of virﬁlence does not
depend on coexistence between strains. The discussion so far simply indicates that under
some conditions a less virulent strain will displace a virulent one; under others the reverse
will be true; and under others there will be coexistence. A generalization of thé'results
given here would demonstrate that when many strains are placed in competition, the
outcome may be coexistence, competitive dominance by a single intermediate type, or

selection for an extreme type,
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More generally, assume- By <Bj (the transmissibility of the virulent strain is at
_ least equal to that of the avirulent strain); “fhen, provided ¢ IB < 98y the polymorphit

equilibrium (15) generalizes to-

. — b+ 02-32§ - BI-S.-(b-'- ul)
S=t/o ,Ilz—é—-—;‘*—"é"_-a'— ,lz=-—'——-—"'"—'—‘ f (17
o 2927 B9 Bzo2-819)
where
%, B, - a B (a,-Dp,~lo,-1)8
p® . 217 172 "1 12 "Z2¢.y. (18)

ey g | az" @]
- As before, the local stability condition is that (17} be feasible; i.e.

BZF:L&""Z.(e*(Blb—;Lﬁ’A (19)
which reduces to (14}if B, = B..

In interpreting {19), it should first be noted that 8 rf(b+a) is a measure of the
transmission rate of a strain, the product of its transmissibility times the relativized
expected lifetime of its host. & measures the relative strengths of intra-demic selection
and inter-demic selection, where a deme is the total parasite colony associated with a
particular host.

For many diseases, secondary infectioﬁs may be uncommon, especially if the coutse
of the disease is swift. Nonetheless, we expect some susceptibility, including cases where
the host has fought off the primary infection. g is a measure of the relative
susceptibility of an already infected host; normally it will be between 0 and | because o8
measures not the rate of invasion by a secondary infection, but the rate at which a
secondary infection becomes the dominant one. For such considerations, the model {13} is
an oversimplification, and it is best to consider explicitly the intermediate stage I, (both

infections present) and the appropriate rates of recovery.
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The equations. of interest therrbeoome T
iS‘-( S +r,l 1, + r4f,) - bS 'BV.SI:'-"lﬂ‘S‘l‘""i—'V'l"-FV'I ‘
gt = WP+ rpd) +fglp ¥ T3ty = Do By iy =t Bt Y T Y202
di
gt = BSh - el -yl waly- vaeohil
d, (20)

a T stlz - (b + 62)12 - Vzlz + wll3 - YI 6111[2

dt
3
ik (Yl By +vg 82)1112 - (Wl + w2)13 -{b+ 03)13 .

Here, (13) has been generalized in several ways. First, infected hosts are allowed to have
a different reproductive rate from uninfected, the deviation being dependent on the
nature of the infection. Second, v, is the rate at which hosts infected with strain i alone
recover, and w; is the rate at which those infected with both strains lose strain . Third,
b+ ay is the d;ath rate of doubly infected hosts. Finally, v iB i is the rate at which hosts
infected with strain } # | acquire a secondary infection by 1.— ; ; is not identical with ¢, in
(13), since it measures only the rate of acquisition of the second;ry infection, not the rate
of displacement. Thus Y i >0 it

If wy + Wy o> b+ u3)j-that is, if the rate of intra-host competitive exclusion is

fast relative to the death rate of doubly infected hosts--and if the dynamics of 13 are

taken to be fast, then a pseudo-steady-state assumption allows the approximation
Iy = ("151 + Y282)1312 / (wl + wz) 1
to be made in (20). This reduces the equation for dl IIQ, for example, to

di
d_tl= BlSll-(b+u1+vl)ll+(dlﬂl-0282)lllz, 22)
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where

W, Wl

UI:Y-—-Z-- and @

i (23)
W W,

2572 W+ W, *

Thus the relationship between o, and ¥, is made clearer,
More generally, if the pseudo-steady-state approximation is not made, the system

(20) may still possess a stable polymorphic equilibrium. The conditions are complicated

{Levin 1983), and are not given in detail here. However, most important is that for a

stable polymorphic equilibrium to exist, necessarily the transmission rates satisfy a .

cor}dition

le‘ol(b + o+ VZ) PEPAA Blre/(b tagt vl) ' .(24)
where e** is a generalization of (18), and further

Y B Wy > YpBo(w) + b+ ag) (25

(which replaces the earlier condition 4B, > 0y 61).

H secondary infections are ignored, but recovery is permitted, (20) reduces to

ds -
rrie (rOS + rll1 + rzlz) -bS - Blbll - BZSIZ + vlll + \le2

d, -
1
= BySI - b+ o+ vl (26)

dl2
rrk 82512 b+ a, + \:'2)12 .

Then, as Andetson and May (1982a, ¢) and Bremermann (1930, Bremermann and Pickering
1982) discuss for the case Ig=f=ra coexistence is not possible; the winning strain is

that which maximizes the ratio B/(b + a+ v}, subject to whatever constraints exist. Note

that this is equivalent to maximizing the intrinsic reproductive rate
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R, = 5 :” N (27)
of the parasite (Dietz 1975) for a given population density N of hosts. fhus it defines an
evolutionarily stable strategy (Maynard Smith 1976, 1977).

Anderson and May (1982a) derive a functional relationship between a and v and
maxirmnize 50 (for N fixed) b is determined from data, and 8 is taken to be a constant. A
similar tech_nique was suggested independently by Bremermann and Pickering (1982}
Using data taken from Fenner and Ratcliffe (1965} to determine the parameters and the
funcﬁona.l relationships, Andersoﬁ and May (1982a) determine a theoretical optimal type,
which is remarkably close (but not identical) to the mrodal strain which emerged in the
Australian system; similar conclusions apply to the European data. Of course, as stated
earlier, it is not yet certain whether either the Australian or European system has
stabilized. .

In conclusion, models which take into account the details of the epidemiclogical
distribution of populations can demonstrate behavior not possible in the more classical

host-parasite models. In this section ] have discussed some of the most primitive of such

- models, but these are sufficient to provide insights into the evolution of avirulence in

host-parasite associations. Because in natural populations parasite burdens are ‘highly
heterogeneous in their distributio.ns, it would be worthwhile to examine extended models
which incorporate more detail regarding population distributions.

Epidemialogical considerations allow one to recognize that populations have a demic
structure, with restricted flow between demes; it is well recognize;:l that such structure is
important for selection to faver group-oriented behavior (D. Wilson 1977, Wade 1973).
Demic structure is simply a special case of geographical structure, which is also known to
be important in any evolutionary analysis (Malécot 1948, Wright 1949, Kimura and Weiss
1964, Maruyama 1971, Karlin and McGregor 1972, Nagylaki 1978) as well as in ecological
considerations (Levin 1974, 1976, 1981). Many traits, for example allelopathy, are locally

specific in their nature, and their spread is determined by the geographical structure of
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the environment. In an elegant recent paper {Chao and B. Levin 1981), it is shown that E.
coli that produce an anti-competitor toxin (colicin) may be favored by selection when
rare, but only in a structured habitat, a soft agar matrix. This is because the costs of
producing the toxin reduce the intrinsic rate of increase of the colicinogenic bacteria,
which places them at a competitive disadvantage in liquid cultures which are well-mixed.

In agar, clones form inhibition zones around themsel ves, and these permit their spread.

V. Diffuse coevolution

Although the general formulation (1) is unrestricted in dimension, the models so far
‘considered deal principally with tight coevolution between a pair of doselj associated
species. But many problems of interest involve diffuse coevolution invelving many
species. For example, immune systems represent a generalized response of vertebrates to
a suite of possible hostile agents, and it would be fruitless to try to study such responses
in madels of the form of the previous chapters. Similar remarks apply to the evoiution of
chemical defenses in plants, which are to a large extent also a generalized response to
diverse enemies (Feeny 1975, 1982; Janzen 1980). Clarke (1975, 1976) has focused
attention on the influence of natural enemies in the maintenance of diversity, and others
have addressed more specifically the importance of natural enemies to the evolution of
sex as a diversifying mechanism (Jaenike 1978, Hamilton 1980, 1982). To consider such
questions, which deal with the coevolution of many factors on a virtual continuum of
responses, requires a new point of view.

The problem of the evolution of a diversity of anti-enerny defense mechanisms is a
restriction of the more general problem of the evolution of aspect diversity (Rand 1967,
Ricklefs and O'Rourke 1975, Endler 1978, Levin and Segel 1982), with the notion of aspeét

" interpreted broadly. To approach this problem, Lee Segel and [ (Levin and Segel 1982}
have proposed a quite different framework which builds on models of the evolution of

quantitative characters, such as those discussed by Slatkin (1970} and others (Bossert
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1963, Kimura 1965), coupled with descriptions of ecological dynamics. Related models
have been utilized by Roughgarden (1972) and Rocklin and Oster (1976} in studying the

evolution of competition. The approach is introduced briefly in this section; for the

details, the reader is referred to Levin and Segel (1982). As discussed more generally
earlier, such models are not intended to be used for literal prediction, but rather to help
in understanding the evolutionary patterns which have emerged, to ald in framing
questions, and to identify fhose key parameters which seem to controi the dynamic
responses.

The approach is illustrated most easily for predatoer-prey interactions, for they
permit a mass-action formulation. As discussed in the previous section, for parasite-host
interactions it is important to revise classical approaches to consider epidemiology, and
that represents an jmportant future extension of the work discussed here. Another
extension is concerned with plant-pollinator associations, in’ which many of the same
questions are at Issue (Schemske, this volume) What accounts for diversity? What
determines the specificity of associations? That is, under what conditions will the
community evolve towards generalized assoclations, as opposed lto rather specific
(predator-prey, parasite-host, pollinator-plant) assemblages? - Timfn's discussion (this
volume} of conditions in parasite-host communities which favor resource trackihg versus
Farenholz's rule highlights this dichotomy.

In the model presented here, the generation time of the predators is considered to
be longer than that of the prey, so that coevolution among the various prey species is
taking place on the same time scale as that of the ecologlc.al responses of the prey.
Evolution in the predators is not treated, although it would be a straightforward extension
of the model to incorporate it.

It has often been suggested (Cain and Sheppard 1930, 1954; Rand 1967; Clarke 1969;
Ricklefs and O'Rourke 1975) that apostatic selection, in which predators preferentially

form a labile search image for more common prey, is an important mechanism in
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determining’ the' diversity of alspects (color, wing-or shell patterns, defeﬁsivefé:'hara'c'te'r‘is-
tics, etc.) in prey. -Although the significance of apostasis in maintaining aspect diversity
is debatable, predation in general is of obvicus importa_nce (Endler 1978). Models can help
us to assess the relative importance of the various mechanisms.

Tpe model summarized here assumes that prey aspect may be arrayed along a single
gradient, scored by z. This single-dimensional illustratien is chosen for ease of

presentation, and represents mo funidamental restriction. Prey aspect is assumed to be

genetically determined; predator search image for a particular aspect shifts in_inverse .

relation to the numb’ers,‘oflavai‘lable prey of that aspect. Prey may mate more readily

“with similar types (assortative mating) or preterred types (sexual selection). The prey are

assiimed. to be distributed along the aspect gradient z according to the. density functioh -

- ¥z, Q,‘ which changes over evolutionary time. Similarly, predator search image is

“distributed at time t acGording-to a-density furction ez, 1), which. shifts as predators shift

search images.

We have p;-oposed using this scheme to examine both intraspecific evolution, as for
example the diversification of spot patterns in guppies (Poecilia reticulata Peters)
discussed by Endler (I‘§78),- and intérspecific r:oevolutior; in high diversity communities, as
for example the proliferation of wing patterns among moths {Ricklefs and O'Rourke 1975).
Ecologicaily, we believe that the mechanisms are the same. Of course, there are
fundamental differences in the genetic constraints which must be imposed at the
intraspecific versus the interspecific level, especially regarding hybridization and
outcrossing. But the extremes of random mating and complete reproductive isolation
simply represent the poles of a spectrurn of possibilities observed in Nature, and the
biological species concept is based on a separation of this spectrum. The art of model
building at any level of description requires the suppression of much detail at lower levels,
and the summary of this detail in a few macroscopic parameters. Thus, to a first

approximation we suggest that mating structure can be represented by the assortativity of
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" the matirig Tunction, with- thé interspecific case corresponding to-total or near-total

positive assortativity. .

Rate prey are relatively favored by predator apostasis, but to what deg;ee? i
predator search image is broad, then prey with aspects close to target prey benefit less
than otherwise from the predator's attention to other aspects. Similarly, but more subtly,
positive assortative mating which extends to nearby types can result in the depression of

their growth rates and serve as a strong influence in population subdivision and the

formation of reproductive isclation.

What are the relative importances of the competing tendencies to subdivision and
dtversiﬁcation-? When will uniform distributions result, In which alt types are equally
répresented? When will peaks occur {precursors to population subdivision and possibly
speciation), in which a restricted number of types are numerically dominant, and in which
predator-prey associations will become relatively specialized (with predators locked in

ecological time to the prey's genetically fixed aspects)? What determines the diversity of

.- types and their relative similarities? When can more general patterns of diversity result,

such as the persistent fluctuations analogous to those observed in many parasite-host
assemblages?

Predator switching is governed by the transitions shown in Figure 5. The
possibilitiés exist both for switching to prey of a different aspect within the evolutior_mary
group being considered, and for switching to a different class of prey altogether. The
latter, described by the function m, is allowed to depend nof only on the Iocal'density of
prey v(z, 1), but more generally on some weighted average of prey densities ¥iz, )

representing the predator's recent experiences and range of selectivities. m is related

inversely to V. L&— here

Similarly, predator density is measured by a function elz, 1) Predators shift among
the available aspects according to a switching function s (which bears an inverse

relationship to v or to some weighted average of v), and a redistribution "kernel" ¥ (z,n)
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{which is the -distribution of pi‘dliéi;‘iliﬁie%ftﬁ'ﬁf?a_'piéd&{tor; siwitching from -aspect z will

: select aspect n as its new. search.image). Mast typically, but not necessarily, ¥ (z,n)isa

unimocia.l function with peak at z. The function n(z, 1) includes new recruits plus the

reentry of predators from alternative prey {outside the evolving group being considered).
More generally, n could be allowed to depend upon predator diversity in some way,
although on the time scale of interest we expect such dependency to be weak--recat! that
predator search image is assumed to have 6_0 genetic -component. 8 defines the weight
function implicit in V. Thus, summarizing the exchanges shown in Figure 5, wg obtain the

equation

-g—: = —em(Vl) + nle, v) - s(Vz)e.+ £e(zynis(Voledn (28)

where s has been allowed to dépend on the weighted average ¥, rather than simply on v,
and ¥, i.s the weighted average defined by 8.

' Prey evolution is governed by a model similar to that discussed by Slatkin (1970) for
polygenic characters, supplemented by a predator per capita consumption rate i(y)_. The
appfoach of Slatkin is modified to include a continuous time description, most appropriate
if selection is weak, and to allow for density- and frequency-dependent influences. The
relative availability o.i desirable mates for prey of a particular aspect z is measured by

the weighted average.

W(T\,t) = IQ(F'HE)V(EsT)dE.: (29)

in which a{n, £} defines a selection index. The per capita number of offspring per
female, r, depends on W and perhaps on n. Finally, the function ¢ (ny £5 2) is the
redistribution kernel, describing the probability distribution for the offspring of a mating

between an n-female and a E-male. These definitions lead to the equation

W(n, 1)) .
3Y - e w rvin, e, Daln, ) Sk 4 (o, 652y acdn 60

- for the rate of change of the victim aspect distribation with time. a
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The behavior oi the system (28) - (30), under particular assurh;}ti'ons, is-discussed m '
Levin and Segel (1982). All forms of patterns of diversity alluded to earlier are observed:
un.iform distributions, multimodal distributions represenﬁng population subdivision, and
oscillatory distributions. These, and their descriptive parameters,. are related to such
critical variables as the switching rates and sensitivities of the predators, predation
pressure, selectivity of mating, and the characteristics of the offspring distribution of a
given ‘mating. Some analytical resuits are possible; other conclusions can emlerge only
from numerical treatment.’ 7

The significance of the example presented is not in the detailed conclusions which
may be drawn from.it, but as a framework fundamentally different from ';he' ones -
appropriate for the study of tight coevolution.. The model just described may be extended
to other situations, e.g. plant-pollinator assemblages. 'fhe peint is that when one is
concerned with general patterns at the community level--degree of specialization,
diversity, etc.—the most appropriate models are ones which emerge from knowledge of
the population genetic basis of inheritance, but which do not retain superfluous genetic
detail. Of course, deciding what is superfluous is not always easy, and must be

determined by the intuitions and arrogance of the investigator.

VL. Summary .
Coevolution presents a fascinating class of evolutionéry problems, and introduces
difficulties which extend those of frequency-dependent responses in classical evolutionary
theory. Coevolution implies nonlinear feedback among interacting species, and such
nonlinearities substantially complicate any attempt to understand evalutionary change.
The classical approach, based on explicit description of gene frequency change, is
most appropriate to small ensembles of tightly interacting species in which the genetic

basis of change is well understood. The gene-for-gene resistance systems of cereal plants
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and their associated pests provide the ideal systems for such modelling, and the relevant
literature is briefly reviewed. Models of quantitative inheritance are not discussed in this
context, but are appropriate for tight coevelution when the genetic basis is polygenic.

More generally, because of the tight relationship between parasite and host, the
parasite-hést interaction is an ideal one in which to study pairwise coevolution (Day 1974).
One of the most enticing consequences of the association is the evolution of reduced
virulence in parasites in order to preserve their hosts (Fenner 1965, Lewontin 1970).
However, to study such evolution requires an approach which deviates from the classical
mold, and explicitly incorporates epidemiological considerations (Levin and Pimentel
1981, Anderson and May 1982a, Bremermann and Pickering 1982}, Such models are
discussed in section IV, and hold tremendous potential for the examination of the
evolution of host-parasite systems. Anderson and May (1979, 1981; May and Anderson
1979), by their introduction of host-parasite dynamics into classical parasitology and
epidemiology, have already had a major influence on the development of those fields
(Anderson and May 1982b), and all of the work discussed in section IV builds on their
approach. Thus, it is all of recent vintage and pretiminary. Extensions will certainly
broaden our understanding of the dynamics of these systems.

Finally, it is argued that diffuse coevolution (sensu Janzen 1930, Feeny 1982)
requires yet a different perspective, particularly when attention is focused on system-
level integrative parameters such as diversity or degree of specialization. An approach
due to Levin and Segel (1982), but building on previous work of others on quantitative
inheritance, is outlined and some specifics discussed. This too represents a new paradigm,
one which is likely to be a productive source of insights into diffuse coeveolution,

No single approach holds all of the answers for the examination of coevolutionary
processes. Classical population genetics has not often addressed itself to ecological
interactions, whereas ecologists have fallen back too comfortably on adaptationism and

optimalogy without adequate recognition of the inherent contradictions in that approach
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(Lewontin 1977, Levin 1981). More recent applications of game theory and the
development of the concept of evolutionarily stable strategies (Maynard Smith 1976, 1977)
are advances; but they still retain.a number of difficulties, including especially the fact
that they are equilibrial in nature. Even when equilibrial approaches are jusﬁiied, they
sometimes provide little information about processes. In this paper, I have emphasized
the importance of dynamic models, ranging from detaiied genetic ones to ones couched
entirely in phenotypic terms. All of these approaches contribute to our understanding of

evolution.
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FIGURE LEGENDS

Fig. 1 — Schematic diagram of types of interactions among densities and genetic systems
of interacting populations {from Levin and Udovic 1977). Numbers differentiate

different types of interactions.

.Fig- 2 — Number of healthy rabbits per standardized transect counts at Lake Urana region

immediately after the introduction of the myxoma virus into the host rabbit

population {after Myers et al. 1954, Levin and Pimentel 1981).

Fig. 3 — Mortality rates of wild rabbits from Lake Urina region after exposures to several
epizootics of myxoma virus, after chailenge infection with strain of myxoma virus
grade 1 virulence {after Fenner and Myers 1978, Levin and Pimentel 1981).

Abscissa is weighted for immune rates among survivors of each epizootic.

Fig. 4 -- Schematic diagram of transitions and rates in interaction between host and two

strains of virulence,

Fig. 5 -- Schematic diagram of (rates of) transitions of predator search image. Symbols

explained in text.
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