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Tolerance and resistance provide hosts with two distinct defense
strategies against parasitism. In resistance the hosts “fight” the
parasite directly, whereas in tolerance the hosts fight the disease
by ameliorating the damage that infection causes. There is increas-
ing recognition that the two mechanisms may exhibit very differ-
ent evolutionary behaviors. Although empirical work has often
noted considerable variance in tolerance within hosts, theory has
predicted the fixation of tolerance due to positive frequency
dependence through a feedback with disease prevalence. Here we
reconcile these findings through a series of dynamic game theo-
retical models. We emphasize that there is a crucial distinction
between tolerance to the effects of disease-induced mortality and
tolerance to the effect of the disease-induced reductions in fecun-
dity. Only mortality tolerance has a positive effect on parasite
fitness, whereas sterility tolerance is neutral and may therefore
result in polymorphisms. The nature of the costs to defense and
their relationship to trade-offs between resistance and tolerance
are crucial in determining the likelihood of variation, whereas the
co-evolution of the parasite will not affect diversity. Our findings
stress that it is important to measure the effects of different
mechanisms on characteristics that affect the epidemiology of the
parasite to completely understand the evolutionary dynamics of
defense.
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efense against parasites and pathogens by plant and animal

hosts can be divided into two broad classes: resistance and
tolerance. Resistance mechanisms actively reduce the parasite
burden, whereas tolerance mechanisms limit the impact of
disease caused at any particular burden. The distinction is not
merely an issue of semantics: theory predicts that there are
important differences in the evolutionary ecology of resistance
and tolerance (1-4). By directly inhibiting infection and reducing
parasite growth rate (“fighting the parasite”), resistance reduces
parasite prevalence. Resistance genes therefore have a negative
feedback on their own fitness as they spread through the
population, because resistance becomes less beneficial as para-
site prevalence falls (1). In contrast, tolerance ameliorates the
damage that parasites cause. When this allows infected hosts to
live longer, it increases the infectious period and therefore
increases rather than decreases parasite prevalence, leading to a
positive feedback (2). However, tolerance mechanisms to her-
bivore damage are often considered not to affect herbivore
fitness (5), despite differing findings (6), and we have no theory
on the evolutionary implications of tolerance mechanisms to
parasites that reduce host fecundity. Identifying and understand-
ing the evolutionary dynamics of these different defense mech-
anisms is, however, crucial to our understanding of host—parasite
interactions.

The distinction between resistance and tolerance has been
particularly well studied in a number of plant systems in response
to both herbivory and infectious disease (7-11). However, these
mechanisms are likely to be just as important in animal parasite
interactions, and a recent study has shown variation in both
tolerance and resistance to malaria in a rodent model system
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(12). It could be argued that because of their very different
feedback mechanisms, it is unlikely that resistance and tolerance
mechanisms would exist together within an individual. Highly
resistant genotypes do not benefit from tolerance, as they
experience little damage; in contrast, highly tolerant genotypes
need no resistance, as the damage caused has little impact upon
host fitness. Despite this, empirical studies have found both
defense mechanisms present within a single population (13, 14).
Furthermore, there is a large body of empirical evidence for
considerable genetic variation in resistance and tolerance in both
plant and animal populations (9, 12, 15).

Theory on the evolution of host defenses initially focused on
resistance mechanisms (1, 3, 16, 17), but there has been a recent
surge of interest in the evolutionary properties of tolerance (2,
4, 18, 19). A key focus of the theory concerns the potential for
variation and polymorphisms in defense to arise due to ecolog-
ical feedbacks. The reduction in prevalence caused by the spread
of resistance in host populations leads to negative frequency
dependence, and therefore polymorphisms of host strains can
arise (3, 20). In contrast, the ecological feedback that occurs with
tolerance to mortality increases parasite fitness, leading to
positive frequency dependence, and therefore evolutionary
branching and polymorphisms of tolerant strains are not found
(2, 4). Given the empirical evidence for variation in tolerance,
there is a need to develop more theory that can explain this
apparent discrepancy.

Our aim is to understand how the ecological feedbacks of
different types of tolerance may lead to the evolution and
maintenance of variation. We therefore develop theory using the
dynamic game theoretical techniques of adaptive dynamics that
explicitly models how ecological dynamics generate selection
pressures. We identify the conditions that lead to negative
frequency dependence and to disruptive selection that will
generate and maintain variation from the conditions for evolu-
tionary branching with the adaptive dynamics framework. In
particular we highlight the importance of understanding where
the costs of tolerance are incurred, the effects of host—parasite
co-evolution and in particular emphasize an important distinc-
tion between tolerance to mortality and sterility effects of the
parasite. We demonstrate the importance of tolerance in animal
as well as plant parasite interactions, and the need for further
empirical work that distinguishes between tolerance to mortality
and sterility and determines the nature of the costs to defense.

Results

Trade-Offs Between Resistance and Tolerance. Previous theoretical
studies on the evolution of tolerance to the mortality effects of
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infection have assumed that increased defense is costly in terms
of host reproduction (2, 4). There is also, however, the potential
for trade-offs between different components of the defense
system, and there are empirical studies that have shown toler-
ance and resistance to be negatively correlated (7, 8, 12),
although such correlations are by no means universal (21).
Theory shows that there is the potential for evolutionary branch-
ing (through disruptive selection caused at an attracting strategy
that is a fitness minimum) leading to polymorphism in resistance
(3, 20), and therefore variation in tolerance may be due to a
correlation with resistance. We examine here a host that can
evolve increased tolerance (to parasite-induced mortality) at a
cost to resistance through clearance/recovery of the infection.
There are, of course, a range of differing resistance mechanisms
that could be examined, including not only clearance (increased
recovery) but also avoidance (lowered transmission) and control
(lowered parasite replication rate) (3, 4). The other resistance
mechanisms give qualitatively similar results to those reported in
this study (they are not shown here but can be reproduced by
simply altering the choice of parameter in the trade-off).

In our modeling framework, the potential for evolutionary
branching is determined by a single quantity, M, which deter-
mines whether distinct strains are mutually invadable. When
M<0 evolutionary branching can occur for some trade-off (see
Materials and Methods section for details). For our model set-up
with a straightforward trade-off between resistance and toler-
ance, we find that M = 0 for all parameter values and therefore
branching cannot occur. When other ecological assumptions are
made that modify the model set-up, as shown in equations (1)
and (2), such as allowing infected individuals to reproduce,
making the natural host death rate density-dependent, or the
parasite-induced death rate (virulence) density-dependent, we
find that the sign of M remains non-negative. Therefore, for a
wide range of model assumptions, a trade-off between tolerance
and resistance does not in itself allow branching to occur. The
population will either evolve to some intermediate allocation
between resistance and tolerance or one of the mechanisms will
become fixed.

Trade-offs between resistance and tolerance alone do not lead
to polymorphism but it is likely that the overall level of invest-
ment in defense will be costly to host fitness. This relationship
between defense and overall fitness is intrinsic to the previous
theory on resistance (1, 3) and tolerance (2, 4) because it is
unlikely, at least in theory, that defense is cost free (22), although
in practice such costs may not necessarily be detected. Therefore
we again assume a trade-off between resistance and tolerance
but also assume that higher overall investment in defense results
in lower host fecundity. Specifically, we assume an additional
relationship between birth rate and the overall level of defense,
such that an increase in total defense (tolerance and resistance)
causes a reduction in birth rate, as in Equation (7). Fig. 1 shows
the relationship between the birth and recovery rates. We now
find that there are parameter values which give M<0, and that
therefore evolutionary branching can occur. This occurs even
though the costs to defense are relatively small (the birth rate is
only slightly altered compared to its fixed value under the
previous analysis).

In Fig. 2 we show numerical simulations of this system
following the methods outlined in (23). The population initially
moves to an intermediate level of tolerance before branching
into two strains—one of which evolves to minimal tolerance and
high resistance, the other to minimal resistance and high toler-
ance. Alongside the simulation output is a pairwise invadibility
plot (PIP). This graphic tool plots mutant fitness as a function of
the resident strategy with shaded areas denoting those combi-
nations where the mutant can invade (24). Given small muta-
tions, the evolving population will move up or down the diagonal
depending on the fitness of the mutant invader. In Figure 2, A
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Fig. 1. Relationship of birth rate with recovery (resistance), where resistance
is traded off with mortality tolerance but overall defense incurs a cost in birth
rate. Parameter values are as in the simulation in Fig. 2. The dashed line shows
the birth rate as a constant function when it was not involved in the trade-off.

and B mark two singular strategies (see Materials and Methods
for definitions of terms); A is the evolutionary branching point
(an attracting point that is invadable), whereas B is a repelling
strategy (an invadable, repelling point). A trade-off with resis-
tance can therefore lead to polymorphisms in tolerance if there
is also a cost of defense in terms of host fitness.

Types of Tolerance. Until this point we have been dealing only with
tolerance to the mortality effects of disease (mortality toler-
ance). However, it is important to note that the host may also be
able to tolerate the damage that infection causes to the repro-
ductive ability of infected individuals (“sterility tolerance”).
There have been few theoretical investigations that consider the
evolutionary and ecological implications of sterility tolerance
(18). The distinction is also not always made in experimental
studies, although in plant systems the effects on yield and
therefore sterility rather than mortality tolerance are often
examined (7, 14, 15). There is an important difference between
mortality and sterility tolerance in terms of their effect on
parasite fitness. Mortality tolerance increases parasite fitness
and thereby increases prevalence, leading to an effective boost
in its own utility as a defense strategy. However, sterility
tolerance will most likely be neutral to a horizontally transmitted
parasite’s fitness, and the lack of a positive epidemiological

-ve mutant
fitness
+ve mutant
fitness

Evolutionary Time
Mutant Mortality Tolerance

Mortality Tolerance Resident Mortality Tolerance

Fig.2. Simulation output of the evolutionary dynamics of a host population
where increased mortality tolerance is achieved at a cost to recovery resis-
tance, and further costs are incurred in the birth rate (Fig. 1). Also shown is a
pairwise invadibility plot (PIP). With small mutations the resident population
will move up or down the diagonal depending on whether the mutant’s
fitness is positive (black) or negative (white) relative to the resident. A and B
mark two singular strategies. Parameter values: b = 0.5, q = 0.5, B = 2,
f=0, ('Y*: a*) = (2,2), ('Ymin. amin) = (0.977, 1), ('Ymax, amax)= (3, 2.998),
p = —0.0203.
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Fig. 3. Simulation output of the evolutionary dynamics of a sterility toler-
ance-death rate trade-off. Again shown is a pairwise invadibility plot or
PIP (see Fig. 2 and text for details). Parameter values: a = 2, q = 0.5, 8 = 2,
a=15,y=0,(b*, f*) = (1, 1), (bmin, fmin) = (0.73, 0), (bmax fmax) = (1, 1),
p = —0.158.

feedback on the spread of tolerance may lead to different
evolutionary outcomes.

In Fig. 3 we show simulation output and a PIP for the
evolutionary dynamics when the investment in sterility tolerance
is bought at a cost of increased host death rate. Here, there is an
evolutionary branching point at maximum infected fecundity:
when infected and uninfected reproduction are equal. The
population evolves toward the singular strategy and, when
nearby, undergoes disruptive selection leading to the mainte-
nance of two co-existing strains—one of high and one of low
tolerance. (This result can be confirmed analytically as a range
of parameters exist for which M<0.) Recent work has suggested
that sterility tolerance is more likely to evolve than resistance to
the sterility effects of parasites, and that it is therefore important
to distinguish between tolerance to the mortality and fecundity
effects of disease (this work will be discussed elsewhere). More-
over, in our model framework, polymorphism occurs only when
the costs to sterility tolerance are paid through higher host death
rate (rather than, say, host reproduction), and therefore it is
important to understand which life history characteristics are
affected by investment in tolerance.

Co-evolution. Most host—parasite theory considers only the evo-
lution of either the host or the parasite. Of course, most natural
systems will be co-evolutionary (although not all agricultural
ones in which, for instance, resistant or tolerant crops are
planted). Recent theory has suggested that the outcomes of
co-evolutionary systems can depart significantly from those of
their evolutionary counterparts (25). It is therefore important to
ask whether, in situations in which evolutionary models predict
no branching, co-evolution with the parasite can cause branching
in host tolerance levels.

The evolutionary dynamics of a species can be disrupted by the
co-evolution of an antagonistic species (25, 26). However, for
evolutionary branching to occur, we must still have M<0;
otherwise a dimorphic population can never become established
(24). Therefore, as we found in our baseline model that the host
always has a strictly non-negative M, we can conclude that the
co-evolution of the parasite cannot force branching to occur (see
Materials and Methods).

Clearly, there may be genetic variation in the parasite (12), and
it is important to ask whether this may lead to branching in the
host in terms of tolerance. We can consider a model framework
in which the host evolves in a system with two or more parasite
strains by simply adding an extra equation for each parasite type
to the model described by Equations (1) and (2). Using the same
analysis we again find that >0 and branching is not possible.
Furthermore, this result confirms that two host strains can never
coexist.
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Discussion

There has been an apparent discrepancy between experimental
studies of tolerance in which considerable genetic variance is
exhibited (9, 12, 15) and previous theoretical studies in which it
is predicted that tolerance will be fixed when it evolves (2, 4).
Here, we have sought to resolve this conflict by examining a
series of theoretical models. In particular, using our modeling
framework we have identified the following: (i) sterility toler-
ance can lead to polymorphic populations and so has distinct
evolutionary properties compared to mortality tolerance; (if)
trade-offs between mortality tolerance and resistance alone do
not allow evolutionary branching to occur; but (iii) trade-offs
between mortality tolerance and resistance, which also include
a cost to the investment in total defense, can lead to genetic
variation; and (iv) the co-evolution of the parasite cannot in itself
explain variation in tolerance. As such, our work emphasizes the
need to understand where tolerance acts (i.e., mortality or
sterility) and the nature of the costs involved to fully understand
the maintenance of variation in tolerance in natural populations.

There is an increasing recognition within both the experimen-
tal and theoretical literature that resistance and tolerance
present a host with two distinct evolutionary defense strategies.
Resistance mechanisms can be classified further into avoidance
(lowered transmission), clearance (increased recovery), or con-
trol (lowered parasite reproductive rate) (3, 4). What has not
been widely appreciated, however, is that tolerance can itself be
manifested in two very different forms: mortality tolerance and
sterility tolerance. Both forms of tolerance induce an increase in
infected host health, but they have different consequences to
parasite fitness and therefore ecological feedbacks that underpin
their evolution. In combating parasite-induced death (generally
defined as virulence), mortality tolerance may increase parasite
fitness by lengthening the infectious period and, in so doing, can
create a positive feedback to its own utility as a defense strategy.
In contrast, by combating parasite-induced loss of reproduction,
sterility tolerance is completely neutral to a horizontally trans-
mitted parasite. However, when the cost of sterility tolerance is
to lifespan, the infectious period is reduced and thus a negative
feedback emerges. Because of these differing effects, unlike with
mortality tolerance the evolution of sterility tolerance can,
depending on its trade-off structure, result in genetic variation
within a host population. Of course, it may often be the case that
these two types of tolerance will be positively correlated, and it
is easy to show that then tolerance will not necessarily be fixed.
It follows from our study that tolerance to parasites and patho-
gens that have significant effects on fecundity are more likely to
show variation in nature. Given the variance found in tolerance
studies that measure plant yield (7, 14, 15), this could well be the
case.

This distinction between mortality and sterility tolerance
highlights a subtle issue in the measure of tolerance used in many
experimental studies. Generally, tolerance is understood as the
reaction norm of fitness across a damage gradient. However,
achieving a reasonable estimate of this property in practice is far
from simple (7, 10). Many studies essentially correlate host
fitness with yield (7, 14, 15), whereas others limit themselves to
a general term of health (12). Clearly, if fitness is being deter-
mined in terms of yield, defense against sterility will be of
primary importance. Health, too, is likely to be made up of some
combination of each component of tolerance. Potential mech-
anisms of tolerance to parasites in animals have been suggested,
including tissue repair and immunological mechanisms (27).
However, there is a clear need for studies to isolate the effects
of mortality tolerance and sterility tolerance to fully elucidate
the evolutionary dynamics of the host. Given that we may expect
these two defense mechanisms to be positively correlated, this is
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not an easy task; but important consequences of the evolutionary
ecology may be missed if this distinction is not made.

A number of experimental studies have found a negative
correlation to exist between resistance and tolerance (7, 8, 12).
Despite this, few theoretical studies have investigated the evo-
lutionary dynamics when hosts can achieve greater tolerance at
a cost to resistance, and none have considered the consequences
of such a trade-off on the potential for polymorphisms. We have
found that a simple trade-off between resistance (through
increased recovery) and mortality tolerance alone can never
cause genetic variance to arise through a process of evolutionary
branching. We know that the resistance mechanisms of avoid-
ance and recovery can lead to branching only when they are
traded off against another life-history trait, otherwise they will
always evolve to fixation (3). Assuming a cost to high defense by
correlating birth rate with the investment in resistance and
mortality tolerance leads to the possibility of evolutionary
branching in both tolerance and resistance. Underlying trade-
offs both between defense components and other life-history
traits may therefore be responsible for much of the genetic
variance found in host defenses.

Given the differing effects that resistance and tolerance cause
on parasite fitness, there is considerable interest in how defenses
evolve, given that parasites are co-evolving (12, 19). Some recent
theory has provided the tools with which to study such co-
evolutionary systems in a dynamic context with ecological feed-
backs under different trade-off assumptions (25). These ad-
vances show that co-evolution can have a significant impact upon
the evolutionary behavior of the system. However, we have
found here that the co-evolution of the parasite cannot force a
host population to branch that did not do so when evolving in
isolation.

Theory on mortality tolerance tends to predict its fixation in
a host population (2, 4), which has led to work investigating how
the parasite evolves in response to tolerant hosts (19). Tolerance
often selects parasites to increase their transmission and thus
their virulence, as they gain extra infections for very little extra
cost. This work also concluded that tolerance may therefore be
difficult to measure in many cases, as the host—parasite interac-
tion may appear to be commensal. Also, although a fully tolerant
host may coexist with a highly virulent parasite, this apparent
commensalism will be devastating for any nontolerant hosts that
subsequently enter the population (19).

For evolutionary branching to occur, there must be negative
frequency dependence in the evolving trait leading to disruptive
selection. Because of the relatively simple structure of our
particular modeling framework, only one branching occurs (1, 3,
4, 20), but this result is not a general property of adaptive
dynamics models; there are many examples of multiple branch-
ing and a resulting array of types in other ecological scenarios
(28, 29). Our models describe a very simplistic one host—one
parasite interaction, but of course in nature most hosts are part
of a much more complex, multispecies interaction with compet-
itors as well as other parasites. These more complex ecological
scenarios lead to more complex fitness landscapes and therefore
the potential for more branching. In addition, nonadaptive
processes may lead to the production and maintenance of
variation, particularly when selection is weak and mutation rates
are high. Although not explicitly sexual, the predictions of our
models should hold whenever the phenotypic effects are the
result of additive effects of a number of alleles. In this case,
heterozygotes falling between the homozygotes at a branching
point may be maintained in the population but have lower fitness
(30-32). Our key result is that the processes we describe that lead
to disruptive selection have the potential to generate variation of
types in nature. There is a long tradition of explicitly genetic
gene-for-gene (33-35) or “matching alleles” models (36, 37), in
which hosts are resistant to more or less of a range of parasite
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types. These do not link phenotype to ecological (life-history)
parameters and, as such, they do not include explicit ecological
feedbacks; but they emphasize that genetic recognition systems may
also generate variation in host and parasite genotypes (38, 39).

There is considerable commercial interest in the development
of host defenses in agricultural crops (40-42). Given their
different epidemiological feedbacks, understanding and identi-
fying the alternative defense mechanisms of resistance and
tolerance is crucial to any applied success. We have identified
here important areas in which experiments need to be carried out
and theory developed to gain a fuller understanding of the
evolution of tolerance. The relative simplicity of many theoret-
ical models means that, despite the advantage of tractability,
some of the more subtle behavior found in natural systems may
be missed. There is also a need for experimental studies that use
a more precise measure of tolerance, as this may be expressed
not only in mortality but also in reproduction. In particular, we
predict that variation in tolerance will be much more prevalent
in systems in which the effects of parasitism are on reproduction
rather than mortality, and where the costs of tolerance are
expressed not only in resistance. It is therefore crucial that
experiments are carried out that distinguish between parasite
effects on reproduction of the host and mortality. In addition,
the correlations between resistance and tolerance need to be
better understood, as does the nature of costs to defense. Our
work has shown how and why we may indeed expect variation in
tolerance in natural populations; however, more detailed exper-
imentation is required to understand the causes of this variation
in particular systems.

Materials and Methods

Model Framework. Our baseline model is a susceptible-infected-susceptible
(SIS) system. The population dynamics of uninfected hosts, X, and infected
hosts, Y, can be described by the following coupled differential equations:

dX
S @—aNX ) —bX = XY +yY, (1]

dy
5 = BXY —(a+b+ Y, [2]

where N is the total population (X+Y). Hosts are born free of infection with
birth rate a, which is modified by a crowding parameter, g, which accounts for
host self-regulation. Births from infected hosts occur at a fraction, f, of the rate
for uninfected hosts (in the baseline model we assume f = 0). The natural
death rate of hostsis b. The parasite is transmitted between hosts at rate gand
induces additional host mortality for infected individuals (virulence) at rate a.
Infected hosts can recover at rate .

We assume « and vy are linked through a trade-off such that an increase in
tolerance (lowered «) causes a reduction in resistance (lowered 7). We assume
a smooth curve that links the maximum values (a¢max Ymax) @nd the minimum
values (amin, Ymin)- We introduce a parameter p that controls the shape of the
trade-off: if P < 0 the trade-off is accelerating (convex); if P > 0 it is deceler-
ating (concave); and if P = 0 it is linear (23). Analytically we can express this
trade-off as:

(1 _ Y ~ Ymin )

Q= Omin -1 Ymax ~ Ymin . [3]
Xmax — ®min (1 +p Y — Ymin )
Ymax — Ymin

This can then be rearranged into the form « = g(y). Although this appears to
be a rather complicated functional form, this trade-off function avoids math-
ematical complications of discontinuity that can arise with simpler power
laws.

Adaptive Dynamics. The evolutionary behavior can be determined by assessing
the fitness—the long-term exponential growth rate—of a rare, mutant strat-
egy, y, attempting to invade an environment set by a resident strategy, x, at
its dynamic attractor (24, 26). By analyzing the Jacobian of equations (1) and
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(2), we find that the fitness of a mutant host, with strategy, y = (v, @), trying
to invade the resident equilibrium strategy, x = (y,a), (with resident equilib-
rium densities denoted by *s) is:

s=(a—gN*—b—BY")a+b+7y+pYaf—gN*+7. [4]

The theory of adaptive dynamics shows how, over time, the population will
evolve in the direction of the local selection gradient, ds/dy, until a singular
strategy is reached whereby ds/dy = 0. In some sense, the singular strategy can
be viewed as a (potentially temporary) “’stopping point” of the evolutionary
process. The evolutionary outcome at the singularity is governed by two key
properties—evolutionary stability (ES) and convergence stability (CS). Evolu-
tionary stability determines whether a strategy can be invaded by nearby
mutant strains, whereas convergence stability determines whether selection
directs the population toward or away from a strategy. Analytically, we can
express the conditions for evolutionary stability and convergence stability
respectively as:

PR 5
_ay2 ) [ ]
E+M_325+ % <0 6
T ay? axay 6]

Attracting strategies (both ES and CS) are end points of evolution, which
attract all nearby strategies and are fitness maxima. Repelling strategies
(neither ES nor CS) are the exact opposite, being fitness minima and causing
all nearby strategies to evolve away. Evolutionary branching occurs where a
certain strategy is convergent-stable but not evolutionarily stable. In such a
case, selection will direct the population to evolve to the singularity, but will
then undergo disruptive selection and diverge into two distinct strains. In
terms of Equations (5) and (6), we thus require E>0 and E+M<0. With some
manipulation, we can express E and M as functions of the trade-off described
in Equation 3 (25). The term E is a function of the trade-off curvature (its
second derivative), whereas M is not. Hence, so long as we can find parameter
values where M<0, we will always be able to construct a trade-off to meet the
branching conditions. (S/ Appendix provides a detailed description of the
analysis.)

The analytic equations for Eand M are somewhat lengthy, and we omit the
explicit expressions for brevity. However, for sample parameters,a =2, f= 1,
b=0.5g=0.58=2,(y* a*) = (2,2), we find that E = —0.35g” and M = 0.05.
Clearly E depends on the curvature (g") of the trade-off between a and 7.
However, because M is positive, no trade-off will be able to satisfy the
branching conditions. (We found that M was positive for all of the [wide-
ranging] parameters tested.)
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More Complex Trade-Offs. We include the birth rate in the trade-off by
assuming:

a= (Ol - amin) + (Vmax - 7) [7]

Anincrease in either form of defense would cause a reduction in the birth rate.
The trade-off between resistance and tolerance will, of course, lead to a
complex relationship between the two defense traits and the birth rate. In
particular, the shape of the trade-off will dictate how a varies with defense.
If both tolerance and resistance are high, birth rate will be low. If both
tolerance and resistance are low, birth rate will be high. By substituting
Equation (7) into Equation (4), we can analyze the adaptive dynamics of this
system as before.

Co-evolution. Calling the host’s invasion fitness s and the parasite’s r, a
co-evolutionary singular point will occur when the host and parasite selection
gradients are simultaneously zero, i.e., 8s/8yn = 0 in the host and 8r/8yp = 0 in
the parasite. Assuming equal mutation rates, the convergence stability at this
fixed point is determined by the eigenvalues of the Jacobian

(EH +My Ay )

Ap  Ep+ M, (8]
The diagonal terms are simply the convergence stability conditions of the host
(subscript H) and parasite (subscript P), whereas the off-diagonals are the
cross-effect of the resident population of one species on the mutant popula-
tion of the other species (26). A singularity is convergence stable provided
both eigenvalues are negative, which is guaranteed provided:

Eg+My) + (Ep+ Mp) <0 [91
(Ey+Mp)(Ep+ Mp) — ApAp>0

Clearly, even though My = 0, if the parasite has strong convergence (i.e., (Ep
+ Mp) is very negative) and the cross-terms (Au,Ap) have opposite signs, in
co-evolution the host may be convergent-stable and evolutionarily unstable.
However, even though the host would here be forced to evolve to a fitness
minimum, without mutual invadibility (M < 0) hosts near the singularity will
be unable to coexist with one another (24). This means that evolutionary
branching cannot occur, and the host will simply remain at a fitness minimum.
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