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*Division of Applied Mathematics, Department of Mathematical Sciences, University of
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Abstract

Larval helminths in intermediate hosts often stop growing long before their growth is limited by host
resources, and do not grow at all in paratenic hosts. We develop our model (Ball et al. 2008. The evolution
of complex life cycles when parasite mortality is size- or time-dependent. J. Theor. Biol. 253, 202-214) for
optimal growth arrest at larval maturity (GALM) in trophically-transmitted helminths. This model
assumes that on entering an intermediate host, larval death rate initially has both time- (or size-) dependent
and time-constant components, the former increasing as the larva grows. At GALM, mortality changes to a
new and constant rate in which the size-dependent component is proportional to that immediately before
GALM. Mortality then remains constant until death or transmission to the definitive host. We analyse
linear-increasing and accelerating forms for time-dependent mortality to deduce why there is sometimes
growth (intermediate hosts) and sometimes no growth (paratenic hosts). Calling i the intermediate or
paratenic host, and j the definitive host, conditions favouring paratenicity are: (i) #igh values in host i for
size at establishment, size-related mortality, expected intensity, (ii) Jow values in host i for size-independent
mortality rate, potential growth rate, transmission rate to j, and ratio of death rate in j/growth rate in j.
Opposite conditions favour growth in the (intermediate) host, either to GALM, or until death without
GALM. We offer circumstantial evidence from the literature supporting some of these predictions. In
certain conditions, two of the three possible growth strategies (no growth; growth to an optimal size then
growth arrest (GALM); unlimited growth until larval death) can coexist as local optima. The effect of the
discontinuity in death rate after GALM is complex and depends on mortality and growth parameters in the

two hosts, and on the mortality functions before and after GALM.
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1. Introduction

The present paper and its companion (Ball, Chubb & Parker, 2008; hereafter BPC)
extend the logic of evolution of complex helminth life cycles by replacing the assumption
of constant mortality of larval parasites (Parker et al., 2003a) with the more realistic
supposition that mortality increases with time in the intermediate host, e.g. because of
increases in parasite mass or host responses.

Our models are for complex life cycles in which the helminth passes through at least
one intermediate host (i.e. a host in which there is growth but no sexual reproduction)
before transmission to the definitive host (i.e. a host in which there is sexual maturation
and release of propagules). We specifically analyse the case where parasites are
transferred in the food of their host (trophic transmission), e.g. when a predator consumes
prey containing helminth larvae, as is typically the case in nematodes, cestodes and
acanthocephalans. Iwasa and Wada (2006) have modelled the case where larvae leave an
intermediate host to seek their definitive host, as applies in many trematodes. They show
that a constant, random death rate of the larva in the intermediate host can readily
generate an optimal size at which the larva should leave its host to search for the
definitive host, exactly as a constant death rate can tune the switch from growth to sexual
maturity in the definitive host. By contrast, in trophic transmission, the helminth larva
must await ingestion of the intermediate host by the definitive host. Here, constant larval
mortality in the intermediate host does not generate an optimal size at which the larva
should stop growing in that host, though such an optimum can be generated if the larval

mortality rate increases with time spent in the intermediate host (BPC).



BPC defined the age (or size) at which a helminth larva with trophic transmission
should optimally undergo growth arrest at larval maturity (GALM) in an intermediate
host (see also Parker et al., 2003b). Here, we develop BPC’s general equation for the size
(or age) at which larvae should optimally stop growing, and examine the biology of larval
growth strategies in the light of its predictions. For simplicity, we confine our analysis to
larval growth in the host preceding the definitive host, following BPC. We are especially
interested in the evolution of the parasitological phenomenon of paratenicity; i.e. how to
explain the difference between hosts in which larvae grow (intermediate hosts), and those
hosts in which larvae do not grow (paratenic hosts).

Paratenic hosts are typically defined as hosts that occur at some stage before the
definitive host, but in which the parasite shows no apparent growth or development (Bush
et al., 2001). They are often explained away as incidental transport hosts or ‘ecological
bridges’ that enhance transmission between hosts in a life cycle (e.g. Marcogliese, 2001).
However, intermediate hosts also have a transmission function: the fundamental
distinction between intermediate and paratenic hosts relates to the presence or absence of
larval growth and development. We thus argue that it is the parasite’s life history
strategy that defines the difference between intermediate and paratenic hosts, and here
predict conditions likely to generate paratenicity. BPC have shown that conditions
determining size (or age) at GALM are independent of the pathway by which a complex
life cycle evolves, and are influenced only by the growth and mortality parameters for the

larva in its hosts.



2. Analysis

2.1. The general equation for GALM

Parker et al. (2003a) defined two components of mortality for a parasite exploiting a
given host species i, and for which species j represents a potential new host higher up the
food chain. ‘Noise mortality’ is the death rate of the parasite that is unrelated to j, and
‘transmission mortality’ is its death rate due to ingestion by j. When j becomes
incorporated into the parasite life cycle as a new host, transmission mortality is converted
into the transmission rate to host j. Noise mortality relates to parasite death, not host
death, unless they are synonymous.

Consider a complex cycle in which i is the intermediate and j the definitive host; time
t = 0 is the time of entry of the free-living propagule into host i. BPC proposed that larval

noise mortality in host i would be time-dependent, and discontinuous at time 7,, when the

d>
larva stops growing (GALM) at size W,. Thus time ¢, divides the parasite’s residency in
host 1 into two phases (see Fig. 1). The first phase applies during active growth and
development (0 <#<t,), and noise mortality rate, p!’(t<t,), is assumed to increase
with the size (or age) of the larva. The second phase applies after GALM, when noise
mortality is assumed to remain constant with time at rate p'>’(¢,), and dependent only on
the larval size (or age) at GALM. We assume that the larva enters host i at size W, and

there is a maximum larval size, W, at which the mortality rate becomes infinite (see also

BPC).



Biologically it seems most likely for vertebrate hosts that typically, the size- or time-
dependent noise mortality reduces at GALM as in Figs. 1a, 1c¢ (see BPC and Discussion),
but we allow that for some systems there could be a small increase in mortality at GALM
as in Figs. 1b, 1d. From the parasite’s perspective, the lowest value for noise mortality
after GALM yields the highest potential fitness benefits.

Calling p, the transmission rate from the intermediate host i to the definitive host
(proportional to the rate at which i is consumed by j), p; the (constant) noise mortality
rate in host j, and g;, g; the growth rates in i and j respectively, BPC showed that at the

optimal time (¢,) and size (W) for GALM in host i, the following equation applies if
growth is linear and birth rate is proportion to body mass:
1) = P (6= P&/ 8, = (dp,? 1d1) (P (1) + py). (1)
Eq. (1) was obtained by taking parasite fitness (expected number of eggs) when GALM
occurs at time ¢, away from the fitness expected at time 7, + o, (of ,small), and dividing
by &,. This has the same result as taking the derivative with respect to ¢,, which must
be zero at the maximum value for fitness.

A brief general interpretation of Eq. (1) is useful. The left hand side of Eq. (1) is the
change in mortality rate at GALM (time ¢;). We argue that typically p(¢;)> p'>(t,),
i.e. mortality immediately after GALM will be less than that before GALM, since active

growth has ceased (see Fig. 1a, 1¢). However, we also examine instances in which

2

P2t > pl(t,), i.e. mortality increases at GALM (see Fig. 1b, 1d). In the biologically

plausible cases we analyse the magnitude of the change, p'(¢;)— p(;), increases with

t, (Fig. 1). Now, for an intermediate optimal size at GALM (i.e. W, <W, <W,), the



mortality change at GALM must balance the right hand side of Eq. (1), which consists of

the positive constant term ( p;g,/g;) minus the term (dp,;’ /dt,)/(p\; (t;)+ p;). This

latter term changes with the gradient dp'>’/dt, divided by the absolute value of p(z,),

and may be either increasing or decreasing with 7,, depending on the form of p{(z,).
For Eq. (1) to give a maximum and not a minimum, we need

dp,;ldt, =(d’p, [dty) ((p,) + py)+ (dp,; [dt,)* [(p,) + p)* —dp, 1dt, <0.  (2a)

For the strategy of paratenicity (no growth) in host i to be a local maximum, the first

derivative of the fitness function with respect to time 7, must be less than zero at time

t, =0, i.e. the parasite remains at its entry size, W,. Thus
PO+ p g /g, ~(dp,)(O)/di,)/(p,) + p,) = p,(0) <O. (2b)

To check the solutions generated from Eq. (1) for W, we first established that they
were maxima using condition (2a); if this was violated we iterated fitness in relation to ¢,
to determine whether a fitness maximum occurs at limit W, or W, or whether both
extremes can be local optima (see Appendix A). For paratenicity, we also ensured that
condition (2b) applied.

BPC derived Eq. (1) with a single parasite in mind (i.e. an intensity of one), but from
unpublished analyses under restricted assumptions, concluded that W, would
approximate to the total mass of all larvae in host i, i.e. for an intensity of N, the average
mass of each larva would be roughly W, /N. For our present analysis, we also assume
an intensity of N = 1 unless otherwise stated.

(1)

ni

(2)

2.2. Application of explicit functions for p,’ and p,-



We assume that during active growth (i.e. at times 0 <7 <¢,), larval mortality rate
p(t<t,) increases continuously with larval size, W. Although we focus on size-
dependent mortality, this analysis relates time and size linearly and our conclusions thus
apply to any process where mortality rates increase with time. After growth arrest, larval
mortality rate remains constant at p'>(t=t¢,) (see Fig. 1).

To gain a feel for how growth is likely to vary depending on the conditions faced by

1)

a larval helminth in its intermediate host, we must apply explicit forms of p% and p> to

Eq. (1). BPC assumed that the noise mortality rate during growth, p'", has a constant,
time-independent component, p'. (e.g. which includes the predation rate on the host by
predators other than the definitive host), and an increasing, time-dependent

component, M(t). We investigate two simple increasing forms for M(¢): (i) linear, up to
asize W, , after which the rate suddenly becomes infinite, and (i1) accelerating, which

increases continuously up to infinity at size W, . For p'>, we assume that at GALM, the
time-independent component, p\; , remains unchanged, but the time-dependent
component remains constant with time at the value oM(z,), in which & becomes scaling
parameter. For illustrative purposes, we investigate cases when « is a constant.

For simplicity, Eq. (1) assumes a linear relation between size and time, thus in host i:
W(t)=W,+ gt (see also Parker et al., 2003a; BPC). The most typical form of growth is
probably logistic, as used by Iwasa and Wada (2006) in their analysis of complex life
cycles of helminths that transmit from one host to the next by active larval migration,

such as trematodes. However, different stages of the same helminth species may have

contrasting forms of growth. For instance, in Schistocephalus solidus, a helminth for



which there is good data, growth rate is decreasing in the first host (Michaud et al., 2006)
and (at least initially) increasing in the second host (e.g. Sharsack et al., 2007; Clarke,
1954). Since our aims in this paper and its companion (BPC) are heuristic (i.e. to show
the sorts of solution that can exist, rather than to make predictions for given species), the
assumption of linear growth is justified in the interests of mathematical tractability. To
apply our model to a given species, we would obviously wish to derive and use the
appropriate relationships and parameters for that species in order to make quantitative
predictions.

Some of our parameters could arguably be functions of time ¢. For instance,
although function p’(¢) may typically be constant for a long time after GALM, it must
eventually increase, if for no other reason that host i must occasionally die through
senescence, rather than remain constant as in our models. Increased parasite size may

possibly change transmission rate, p;, making p; a function of z. Note also that we

consider only growth strategies in host 1, the host immediately before the definitive host j.
Cycles with two intermediate hosts, h and 1, are not uncommon in helminths, and we
would require a different analysis for optimal growth in host h. We avoid all such
complications to preserve simplicity in an already complex model.

A glossary of mathematical terms is given in BPC.

2.3. Mortality before GALM, p')(t)



Where p¥ is a constant scaling the size- or time-dependent component of noise mortality
rate of the parasite in host i, the two explicit forms for noise mortality before GALM
(Fig. 1) investigated are:

(i) Linear increasing

Par (D= po+ Wy +g0, W <W,,

) 3)
pniL(t) =9 W 2 Wm
(ii) Accelerating
_ 2
pillti (l) = pi:z + p;fl(WO + (Wm WO) - (Wm - W())]a W < Wm,
W, —(W,+g1)) (4)

Pun (=00, W 2W,

Thus in both forms, noise mortality rate is the sum of the constant, time-independent
mortality rate, p., and the size-dependent rate which increases with parasite size or age
from p%W, at the moment of establishment, time ¢ = 0 (see continuous lines up to the
open circles in Fig. 1). They also have the same initial rate of increase, i.e.

dp'(0)/dt, = p.g,, but while the linear form increases at constant rate, the accelerating
form increases at a rate that increases with #. Note that we have modified the accelerating
form suggested by BPC so that the two forms have the same values and gradients at time
t=0.

Our original treatment of noise mortality (Parker et al., 2003a) included only the
constant, time-independent component, p'., and assumed that the parasite died if it
reached size W, . Further interpretations of the noise mortality functions and constant
ps, are given in BPC.

Applying (1), linear mortality Eq. (3) gives

W, =E/lp;, (5)



and accelerating mortality Eq. (4) gives

W, =W, -W, -W)>I(E/pS+W, —2W,), (6)
where E = p\2(6;)=p,i+ p,gi/8; —(dp, 1dt,) (p, (1)) + py), with pi’ = i), pyiy for
the linear and accelerating mortality models respectively. Note that both behave

similarly: in each, W, increases with E/pf,.

2.4. Mortality after GALM, p'?(t,)

We assume that both the time-independent and time-dependent components of noise

mortality remain constant with time after GALM (¢>1,), as p.. (the dotted lines in Fig.
1) and p(z) (t,) (the continuous lines after the filled circles in Fig. 1). However, since we
assume that the size-dependent component of noise mortality after GALM is proportional
to that immediately before GALM, p'>(t,) increases with the time, #,, at which GALM
occurs (see broken lines in Fig. 1). Thus

(i) Linear increasing
P (1) = Py + opi(Wo +8t,), (7
following Eq. (3). Hence dp') /dt, = op’g, and d’p') /dt; =0.

(ii) Accelerating

(Wm - W0)2
(Wm - (W() + gitd ))

pfli: (td) = p:l)l + w;gu(wo + - (Wm - WO)j7 (8)

following Eq. (4). Hence dp") /dt, = opt.g,(W, —W,)* (W, —W,)* and

d*pli) 1di; =20psgl (W, — W) (W, —W,)’.

10



2.5. Solutions

(i) Linear increasing
Substituting the linear forms Eqgs. (3) and (7) into Eq. (1) generates a quadratic equation
for the optimal size at GALM, W,. Calling B=p,g,/g;, and y= o+ p;» the
coefficients are:
a=opt(l-a),
b=[(1-a)y—opfl,
c=ag,— Pyl
We require the positive root, subject (from condition (2a)) to
o’ pig v+ opig (Wi + gl <(1-a) 9)
for a maximum. Note that if noise mortality increases at GALM (i.e. & >1), condition (9)
cannot be satisfied; a non-intermediate solution for growth (i.e. W, or W) is always the
optimal strategy.

(ii) Accelerating
Calling W =W, —W ,and W’ =W, —W,, and substituting Eqs. (4) and (8) into Eq. (1),
we can generate a quadratic equation for W, from which we can calculate the optimal
size at GALM, W, . The quadratic solution for W now has coefficients:
a=[y+ops, W, —=W)IA-a)W,-W, )~ B/ pilIW},
b=2ptad-a)2W,-W )+ (1-a)y—afl,

c=alp;(1- Q)Wyz +gl.

11



We require the negative root, and setting W' =W, —W, we obtain a solution for W,

from the above coefficients, subject to (from condition (2a)):

a [ pfigivvy2
(W) (y+ ops, (W, + W_f IW =W DWW, (7+ opl, (W, + Wj IW: =W))]

—ZJ <(l-a) (10)
for a maximum. If noise mortality increases at GALM (i.e. &> 1), under certain
parameter values condition (10) can be satisfied; unlike the linear case, an intermediate
solution for larval growth can be an optimal strategy.

Since they have the same intercepts and gradients at time ¢ =0, from condition (2b)

both linear increasing and accelerating forms give the same requirement for paratenicity:

B oy
Py (rtopiWwy)

<W,(1-0a). (11)
Note that condition (11) is least likely to be satisfied if e is very small; if ¢ —0
condition (11) simplifies to S < psW,. If « is huge, condition (11) can never be
satisfied. For the case where the initial size is negligible, i.e. W, — 0, paratenicity is

locally stable if

a>p(py+py)pig;. (11a)
3. Results

The two forms for noise mortality can generate three possible optimal larval growth
strategies for larvae in their intermediate host: (i) zero growth (paratenicity, with

W, =W,), (ii) growth to an intermediate optimal size, (GALM; with W, <W, <W ),

and (ii1) continuous growth until death of the parasite at or before size W,

m

(W; = Wm)'

12



Depending on the parameter values, all three outcomes are possible in both the linear and
accelerating mortality models, and across some parameter conditions, simultaneous
alternative local optima can exist. Typically, alternative local optima occur at the
extremes, i.e. paratenicity or continuous growth until death, (W,, W), though over small
regions of parameter space, intermediate growth can be an alternative to one of these
extremes.

The best growth strategy for the larva in host i depends on the interaction between
the immediate cost or benefit of GALM, i.e. whether it immediately reduces or increases
mortality rate, and the value of host j relative to host 1 for growth and survival. For
example, suppose that GALM offers a safe haven by reducing mortality (& <1), as seems
biologically most likely for most cases. If host j is a good host in terms of low mortality

and high growth rate, (low p;/g,), paratenicity or GALM at a low size in host i is

favoured because risky growth in i can be exchanged for much safer growth in host j. If

host j offers poor survival and growth prospects relative to host i (low p;/g;), the reverse

applies, it is safer to grow in i so that maturity can be attained more quickly in host j.
One might suspect that if GALM increases mortality (& > 1), there would be little
point in the larva arresting its growth. However, provided that the costs associated with
GALM are not prohibitive, these immediate costs can be much less than the mortality
costs of growth later on as size increases, or the host response becomes much stronger.
Encystment must have some small energetic cost, which may translate into increased
mortality. Since it may much reduce the effects of the host response, the net effect of

GALM is probably to reduce mortality (& <1).

13



In seeking arbitrary but biologically plausible values for the growth and mortality
parameters, to generate the results shown in Figs. 2 to 4 we used a set of ‘default’
parameters based on Fig. 1. That is, unless otherwise stated, we set the growth rate in
host 1 (g;) as half that in host j (g;) to reflect the fact that i may be smaller and may be an
ectotherm, and j is likely to be bigger and may be an endotherm. The constant, size-

independent mortality rate in j ( p;) was set equal to the size-independent mortality rate in
i (p), and the transmission rate from i to j ( p;) was set to twice this value (reflecting
predation by a common predator). The constant scaling the magnitude of the size-
dependent mortality rate ( p%) was set as one tenth that of the size-independent mortality
rate ( p,,), so that mortality rate increases gradually from size at infection (W,)), which

was set arbitrarily at a mass of 1.0 unit and the lethal size (W) at 10 units.

3.1. How does GALM affect fitness?

To explain more fully how the timing of GALM affects fitness, Fig. 2 shows how
fitness (proportional to lifetime egg production; for calculation see Appendix A) changes
as the size at which GALM occurs (W,) is varied across its possible range from W, (no
growth in host 1; i.e. paratenicity) to W, (continuous growth until death of the larva; i.e.
no GALM). The lines show fitness at different levels of «, from its lowest value at 0
(where GALM removes all size-dependent mortality) through « equals 1 (where
mortality after GALM is the same as that immediately before GALM), to high levels
where o exceeds 1, some of which are too high to be biologically plausible, but are

shown here for heuristic purposes. As expected, fitness declines with &, except in the

14



case of accelerating mortality in conditions where the optimum is continuous growth
without GALM (Fig. 2b) so that fitness becomes independent of ¢.

In the linear mortality model (Fig. 2a), when GALM removes all size-dependent
mortality (& =0), maximum fitness occurs at an intermediate size (W, =5). As p2(z,)
increases (¢ =0.2, =0.5), maximum fitness is attained at greater size so that W shifts
towards W . When o =0.7, the best strategy becomes continuous growth until death (no
GALM), as can be seen in the line for ¢ =1. This strategy is uniquely stable until
o =1.9 when the fitness plot becomes U-shaped with an intermediate minimum value, so
that at ¢ =2, 5, and 20, the limit strategies (paratenicity or continuous growth, i.e.

W,, W ) are alternative optima, with the higher peak at W, . However, as « increases
beyond 64, the local optimum at the lower limit W, is lost, and W, becomes uniquely
stable again.

With the same parameter values, the accelerating mortality model behaves differently
(Fig. 2b). Because it accelerates to infinity at W, , p'>) (¢,) generates fitness values that
are independent of o at the limit W, . At =0, there is again an intermediate optimum
(W, =3.8),butas p\(z,) increases (¢ =0.2, =0.5), the fitness maximum moves
towards lower size, not higher size as in the linear case (Fig. 2a). At a =1.9, paratenicity
(W,) becomes the optimal strategy, then bistability occurs around ¢ = 2.2, initially with
GALM at a high intermediate size and with W, the dominant peak, but quickly resolving
to bistability at the limits. W, takes over as the dominant peak at ¢ = 2.6, with the fitness

plot becoming increasing U-shaped (see curves for & =5, 20). W, is uniquely stable

above a = 65.

15



Although implausibly high « values are used, Fig. 2 demonstrates that, even when
all other parameters constant, the effects of the size-dependent larval mortality
discontinuity at GALM has complex implications for optimal growth strategies in larval
helminths. We next seek qualitative predictions that are independent of the effects of

GALM at biologically plausible regions for .

3.2. How do the growth, transmission and mortality parameters affect optimal size at

GALM?

Figs. 3 and 4 show the effects of varying each growth, transmission or mortality
parameter independently from our default values (used in Fig. 2) to examine how each
affects growth in relation to the change in mortality rate at GALM, modelled by «; they
plot the optimal response W, (¢r). When there are alternative local optima at a given «,
Figs. 3 and 4 show the higher of the two optima.

We know of no studies that have examined how helminth mortality rate changes at
GALM,; this may vary greatly across species, but for small encapsulated or encysted
larval helminths our guess is that mortality rate is typically reduced (possibly
considerably) at GALM. Thus we anticipate that time-dependent mortality rate changes
at GALM are beneficial for the parasite, or only slightly detrimental, and examine in
Figs. 3 and 4 the range where « lies between 0 and 1.2. In particular we wish to predict
conditions in which the larva should not grow in the intermediate host i, but remain at its

size at establishment (W, =W,), i.e. where i should be treated as a paratenic host.

16



Figs. 3 (for the linear mortality model) and 4 (accelerating mortality model) will be
discussed together in relation to each given parameter, which is allowed in each separate
graph to vary, while all other parameters are held constant at their default values.

Increasing the cost of each unit of growth in terms of size-dependent mortality
parameter, p$, decreases optimal size at GALM in both models (Figs. 3a, 4a). The linear
model appeared more sensitive to changes in p?, and could readily generate paratenicity
or continuous growth at lowest «.

The ratio, mortality/growth rates in the next host j, p;/g;, occurs always as a single
variable in our analytical solutions. Increasing p;/g; makes j relatively less attractive

for growth and survival and favours increased growth in host i (higher optimal size at
GALM) in both models (Figs. 3b, 4b), mirroring the effect of p?; (Figs. 3a, 4a) but in

reverse direction. If p,/g; is low, the parasite economises on growth in i so that it can

grow later in j.
The effect of growth rate in host 1, g,, differs qualitatively between the two models
(Figs. 3c, 4¢). If <1, both give the result that the optimal size at GALM decreases with

growth rate in host i, g;. If & >1, the linear model gives W, or W, as predicted for all

parameters. However, the accelerating model now has reversed predictions: the optimal
size at GALM now increases with growth rate in host 1, g,. Increased optimal size at
GALM with increased growth rate when o <1 is explicable in terms of the benefits of
GALM allowing higher growth; whereas if GALM increases mortality (> 1), the
reverse applies, so that increasing g, causes W, to decrease (Fig. 4c), compensating for

the higher size-related mortality due to GALM. While the most plausible range is for

o <1, we cannot dismiss the possibility of a reversed effect of g, when o >1.
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The parameters p.; (the size or time-independent mortality rate) and p,; (the

transmission rate to host j) always act as a single variable ( 7= p_. + py;;) in the solution for

optimal size at GALM. They have equivalent qualitative effects: optimal growth

increases with y (Figs. 3d, 4d). Increasing p. and p; decrease the expected time spent

in host 1, and unlike p?, they do so independent of size or time. A shorter expected time
in 1 allows greater growth at no extra cost, hence optimal size increases with . At the
limit =0 we obtain for linear mortality

W, =p,elpig,; (12)
and for accelerating mortality

W, =W, W, -W)*(p,g,/pig,+ W, —2W,). (13)
Thus if GALM offers a perfect safe haven from time-dependent mortality, random
mortality rates and transmission rates ( p,, p;;) do not affect growth strategy, W, (see
Figs. 3d, 4d at a=0).

In summary, while the linear model cannot yield intermediate growth for o >1 (it
generates either paratenicity or continuous growth), the more biologically realistic
accelerating model can readily give intermediate solutions in this region. The difference
between the two models for variations in most parameters is qualitative rather than

quantitative: optimal size increases with pf and y= p’.+ p.., and decreases with p 18-

ij 9
For a given set of parameters, the relation between optimal size at GALM, W, and o
may be either increasing or decreasing between 0 < & <1, depending on the values of the

parameters. Both models predict increased size with increased growth rate, g, up to

a =1, but the predictions of the accelerating model reverse when o >1.
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3.3. The effects of parasite intensity on growth of each larva

The effect of competition on optimal larval growth strategy is a complex problem
requiring further study (see Parker et al. 2003b for a simple approach). The most direct
assumption is that size-dependent mortality relates only to the total mass of all competing
larvae independent of their number, so that one larva of size 10 units experiences the
same size-dependent death rate as each of 10 larvae of size 1 unit. Assuming also that N
larvae of the same species enter host i simultaneously, that & =1, and that larvae can vary
only W,, pilot work using the present approach (see BPC) showed that the optimal
solution is for total larval mass to remain constant with NW =W, , where W, is the
optimal size of each competing larva at GALM. Although more comprehensive analyses
are planned, this simple result may hold to a first approximation. Thus, under the
assumption that size-dependent mortality is equivalent to the total mass of larvae, then
(very approximately) our solutions for W, can be seen as the total parasite mass. The
work of Parker et al. (2003b) suggested that NW,; > NW . > W, so that both results
indicate that optimal size at GALM should reduce with parasite intensity.

However, such assumptions may not be universally valid. Where time-dependent
mortality of the larva relates to its host’s response, the assumption that size-dependent
death rate relates only to total parasite mass is unlikely to apply. While there may well be
an increase in mortality with total parasite mass, mortality is unlikely to increase in direct

proportion to total mass, since the mortality increase will be more dependent on time than
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on size. In the extreme case where only time (but not parasite mass) is important, then

our analysis would be independent of intensity, with W, =W .

3.4. Summary of results

We can see that paratenicity, or at least very low growth, in host i is most likely with
high values for:
(i) W,, the larval size at establishment in i,
(i1) p%, the constant that scales the size- or time-dependent mortality rate in i,

(ii1) M, the intensity of parasite larvae in host 1,

and with /ow values for

(iv) py, the random or time-independent mortality rate,

(v) p;,the transmission rate of the larva between host i and host j,

(vi) p,/g;, the ratio of noise mortality rate relative to growth rate in host j,

(vil) g,, the growth rate in 1, provided that GALM reduces the mortality rate in host 1.

Obviously the opposite conditions favour growth in host i, so that host i is treated as

an intermediate host.

3.5 Generality of results

Our analysis assumes specific functions (linear and hyperbolic) for the time-
dependent mortality rates before and after GALM; the hyperbolic function is the more

plausible biologically. As with all such investigations, the question arises whether the
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form of these functions influences the results qualitatively. There are clearly many
possible ways that these noise mortality functions might change with time, including the
discontinuity at GALM. For example, o might change with 7,, which would generate
further complexity.
We have investigated other forms, including (in detail) the accelerating form

suggested by BPC, in which

P (= py+ Pl (W, =W, —gi1). (14)
At establishment in host 1 (# =0), this has a much lower gradient
(dp'? 1dt, = ps.g./Il(W,—W,)’]) and size-dependent component ( p%, AW, —W,)) than Eq.

(4). The equation equivalent to Eq. (6) is

W;=W, —psIE. (15)
Using
pfj)(td):p;)i"'oq)fi/(wm -Wo—8it,), (16)

this model can also give rise to all three possible growth strategies and yields the same
qualitative conclusions as in Section 3.4, but generates quantitatively different results
from either Figs. 3 or 4 in its response to ¢

Our models suggest that the parasite’s strategic response associated with the

discontinuity at GALM will be complex, and may vary considerably depending on the

()

ni

explicit forms of p'(#) and p'”'(¢,). We nevertheless anticipate that the conclusions

outlined in Section 3.4 will hold generally for most simple monotonic increasing forms,

though this remains to be confirmed.
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4. Discussion

In summary, we have modelled optimal growth strategies of trophically transmitted
helminth larvae in their intermediate hosts. We propose that the noise mortality rate of a
larva varies with time # post infection (Fig. 1), and consists of two discontinuous
components: (1) before GALM occurs at time z,, noise mortality rate increases as pffi)(t) ,
and (i1) after GALM, it remains constant with time at level pfj)(t) = pff)(t ,). This
constant level of noise mortality after GALM, p{>(z,), increases monotonically with the
time at which GALM occurs, ¢, (Fig. 1).

The three possible larval growth strategies in the intermediate host are: (i) no growth
(immediate GALM; paratenicity), (ii) growth to an intermediate optimum, ending with
GALM, or (iii) continuous growth until the larva dies (no GALM). Both linear (Fig. 1a,
b) and accelerating (Fig. 1¢, d) mortality models analysed here can generate all three
possibilities for optimal growth in host 1, depending on the various mortality and growth
parameters and on the nature of the discontinuity at GALM, modelled by factor o (see
Figs. 2, 3 and 4). Examples of all three strategies occur in the life cycles of parasitic
helminths. Though not as ubiquitous as growth to GALM, paratenicity is nevertheless
common in some helminth groups, especially in second hosts in three host life cycles
(see, for example, Anderson, 2000 for nematodes of vertebrates; Schmidt, 1985 for
acanthocephalans). Growth up to some form of GALM is the most typical strategy in all
groups, and dominant in cestodes and trematodes. The strategy for continuous parasite
larval growth without GALM occurs, for example, in Diphyllobothrium dendriticum

plerocercoids in brown trout (second intermediate host, Rahkonen et al., 1996) and also
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Taenia taeniaeformis strobilocerci in lambs (first intermediate host, Sweatman &
Plummer, 1957).

Our results can be categorised into: (i) effects that depend on the mortality
discontinuity at GALM, i.e. direct qualitative effects of ¢, or parameter effects that
change sign with ¢/, and (i1) parameter effects that are independent of GALM, i.e.
provided that an intermediate growth solution is possible, increasing the parameter
always either increases or decreases larval growth, whatever the value of o We first
discuss biological aspects of the discontinuity at GALM (Section 4.1), followed by
circumstantial evidence for growth predictions that are qualitatively independent of the
discontinuity at GALM (Section 4.2). We then discuss briefly some effects of host
parasite coevolution (Section 4.3), and finally stress the importance of paratenicity as a

growth strategy in the parasitological context (Section 4.4).

4.1.  Effects of the discontinuous change in mortality rate at GALM

After migration and growth in the intermediate host’s tissues, helminth larvae may
undergo various changes associated with GALM. A larva may (i) remain free within the
host tissues, or (ii) secrete a cyst around itself (encystment), or (iii) the host may lay
down new tissues to isolate it (encapsulation), or (iv) both encystment with encapsulation
may occur (Erasmus, 1972; Olsen, 1974). Both encystment, and encystment with
encapsulation, are common in trematodes (see Kearn, 1998); encapsulation occurs widely

in nematodes (Anderson, 2000), though not encystment. These changes, coupled with the

23



cessation of growth and movement through the tissues, are likely to have significant

effects on larval mortality rate.

4.1.1. GALM: escape to safety, or flight into danger?

A major influence on our predictions is the effect of GALM on the size-dependent
mortality rate, modelled by the factor o (below, Section 4.1.2). Unfortunately, we know
of no published measurements of changes in parasite death rate at GALM. ‘Intuition
suggests that for helminth larvae of vertebrates, GALM and any associated encapsulation
or encystment typically act to reduce noise mortality, i.e. 0 < &< 1. Both encapsulation
and encystment may effectively isolate the larva, reducing parasite mortality by averting
host immune responses. Rapid isolation and GALM may facilitate long-term survival in
the host, at least initially providing a safe haven for the larva. In fish, amphibian and
reptile paratenic hosts, encapsulated larvae may survive quiescently for very long
durations. For example, renicolid trematodes commonly survive after GALM as encysted
larvae throughout the lifetime of their herring host, often years (e.g. Campbell et al.,
2007), possibly supporting the reduced mortality (0 < & < 1) hypothesis. Trematode
encystment in invertebrates may also reduce noise mortality after GALM by protecting
larvae from host responses.

Invertebrate host responses are very different from those of vertebrates (Beck and
Habicht, 1996). There is usually little apparent host response against helminths in their

typical (specific) invertebrate hosts. In atypical hosts, larval death commonly follows
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encapsulation and similar responses. However, whether encapsulation in invertebrate
hosts increases mortality when (rarely) it occurs in specific hosts is unclear.

In specific hosts, encystment and encapsulation presumably constrain space and
resources for growth, limiting further growth in what may represent an immunologically
safe haven. This is presumably why encystment/encapsulation are generally
accompanied by GALM. Constraints to growth may also occur when parasites avoid host
immune responses in other ways. For example, the Trichinella L1 stage larva develops
inside a muscle cell (‘nurse cell’, Anderson, 2000). This is immunologically inert for the
host, so the parasite is protected though its growth is restricted. Some nematode infective
stages (L3) retain the skin of the L2 stage (Anderson 2000), possibly for protection
against host responses, but which also constrains growth. Cercariae of the trematode
Diplostomum pseudobaeri infect fish second intermediate hosts, migrate to, grow and
undergo GALM in the host’s retina, (which is immunologically inert; Field & Irwin,
1995), where they can survive for at least four years (Shigin, 1964). Why growth stops is
unclear, unless too much growth would decrease survival of the host, and hence parasite.

Thus from current evidence, size-dependent mortality most plausibly typically
decreases at GALM (0 < & <1), but we cannot preclude the possibility that it increases (o
> 1) in some circumstances. For instance, encystment must incur some small energy cost
to the larva that may subsequent increase mortality. We have shown that GALM can be
beneficial even when it increases mortality (> 1), by precluding even more damaging
death rates due eventually to continued growth. A human analogy might be that
chemotherapy, while harmful in the short term, arrests growth of cancers that will

ultimately become much more harmful.
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4.1.2. Effects of GALM on growth predictions

The effects of the various parameters in relation to & have been discussed in Section
3.2. To summarise: if growth costs ( p¥,) are unfavourably high (Figs. 3a, 4a), or the
mortality/growth rate ratio in j ( p,/g;) favourably low (Figs. 3b, 4b), a safe haven effect
typically promotes paratenicity (the safe haven of GALM outweighs the benefits of high-
risk growth). The effects on growth of time-independent mortality and transmission rate

(the combined parameter y= p.. + p;) are independent of y at & — 0, but become
strongly dependent on } as « increases (Figs. 3d, 4d). With each parameter (p;; p,/g;,

7), as aincreases, optimal size at GALM, W, (&), may increase or decrease across the
most plausible biological range (0 < & <1), but their qualitative effects on growth are
independent of «. If W, () is decreasing, further increases in & typically result in
paratenicity before ultimately (often at implausibly high & not shown in Figs. 3 and 4),
the optimal strategy becomes continuous growth to death. The growth rate in host 1, g,
is the only parameter having an effect that in the accelerating model changes qualitatively

as « increases (Fig. 4c); the same effect was apparent with accelerating form proposed in

BPC.

4.2. Evidence for the predictions - what causes paratenicity?

The occurrence of paratenicity in helminths with complex life cycles is quite

variable. In trematodes, paratenic hosts occur rarely (e.g. Azygia lucii, Ginetsinskaya,
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1958; Genarchopsis goppo, Madhavi, 1978). In cestodes, where there is a second
intermediate host, growth typically continues until GALM, or more rarely, until death
(see Section 4.1.2). Paratenic tendencies are sometimes shown when a larva from a
smaller fish is ingested by a larger one (e.g. transfer of Diphyllobothrum latum
plerocercoids from perch to pike; von Bonsdorff, 1977). In nematodes and
acanthocephalans, paratenicity is much more frequent (preliminary investigations suggest
10 to 20 percent of species, depending on the group).

Predictions for growth, mortality and transmission rates on paratenicity and are listed
in Section 3.4. Direct biological support is currently unavailable, however, in the

following Sections we offer some speculative evidence.

4.2.1 Effects of parasite mass relative to host mass; high costs of growth

The maximum size, W, , that a larva can attain, and the size at infection, W, must be
considered relative to host size; the absolute value of W, will increase with host size.
Where time-dependent mortality relates to parasite mass harming its host (rather than
host responses), paratenicity is more likely if the infective larva is relatively large.

In acanthocephalans and nematodes, paratenicity typically occurs in a second host
after active larval growth in a first (intermediate) host. If they infect the second host at
high intensities at establishment such larvae may already be of a size where further
parasite mass might cause harm (W, relatively high). Paratenic second hosts in three-

host life cycles often accumulate high intensities of helminths (e.g. up to 1000
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acanthocephalans in one Antaractic marine fish; Zdzitowiecki, 1986), increasing the
probability of paratenicity.

In trematodes, where asexual reproduction is typical in the first (mollusc)
intermediate host (Type II cycle, sensu Parker et al., 2003a), there are virtually no cases
of paratenicity in the next host. Because asexual reproduction effectively reduces the
mass of each propagule produced in the mollusc (roughly by factor 1/n, where # is the
number of propagules), size at establishment, W, in the next host may be smaller relative
to host size than in helminths lacking asexual reproduction (Type I cycles).

The optimal size at GALM (W) should be greater in larger hosts, since maximum
size (W) is larger. The size at which parasite growth stops has sometimes been
positively related to host size. In some adult cestodes, larger size at maturity occurs in
larger definitive hosts (Molnar, 1968, 1977). Similar effects for asymptotic larval size
are less known, but do occur (e.g. Schistocephalus solidus procercoids in copepods;

Wedekind et al., 2000).

4.2.2. Low transmission rates from i to j, and low time-independent mortality in i

There is circumstantial evidence that low transmission rate i to j ( p;; ) is associated

with paratenicity. Olsen (1974) saw paratenicity in trematodes as “an adaptation by the

parasite to survive due to a shortage of definitive hosts...”, which is equivalent to low p,.

Many larval parasites have long-term residence in paratenic hosts (Esch & Fernandez,

1993), suggesting low transmission rates ( p;) and low random mortality ( pY).
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Parasites that increase p; by host manipulation should show less paratenicity than

comparable parasites lacking manipulation. In parasites with paratenic hosts, a literature
survey suggests that manipulation has not been reported at that stage in the life cycle.
Moore (2002) states “...paratenic hosts are probably underreported in the literature
because there is often little to say about their discovery other than for the record.”

Paratenicity arising through low transmission or low random mortality rates allows
more time for movement into new habitats and exposure to new potential hosts, possibly
increasing the probability of their incorporation.

However, because host i will often be low down the food chain, p; and Py, may

typically be relatively high, especially since j is likely to be the most common predator of
1. The time that the parasite is likely to reside in host i is thus often short, reducing the
relative costs of growth and offering a general reason why paratenicity may be less

common than growth in intermediate hosts.

4.2.3. High time- and/or size-dependent noise mortality through host immune responses
Parasite growth may be limited by the host’s immune response, which takes time to

develop. For example, host immunity constrains adult size and fecundity of the nematode

Strongyloides ratti (e.g. Viney et al., 2006; Wilkes et al., 2004). Immune responses may

also increase with parasite mass (Catadori et al., 2005; Shudo & Iwasa, 2001) suggesting

that immunity generates both time- and size-increasing noise mortality.

4.2.4. Intensity — high numbers of larvae per host i
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High larval intensities may generate paratenicity. Whether individual larvae show
paratenicity in response to high intensity will depend on information about competitors.
If other larvae cannot be detected, a high mean intensity may select for obligate
paratenicity. If larvae can detect others, facultative paratenicity may be optimal at high
intensity, and growth at low intensity.

‘Crowding effects’, decreasing relationships between parasite size and number
(Read, 1951), have been widely investigated in adult helminths (see Bush and Lotz,
2000). Such studies are less frequent for larval parasites. In both intermediate hosts of
the cestode Schistocephalus solidus (copepods, Michaud et al., 2006; sticklebacks, Heins
et al., 2002), the ratio of parasite to host mass becomes high. Iflarvae can detect
competitors, then as expected, early-established larvae grow, but those establishing later
do not. In concurrent high density infections, asymptotic size is reduced for all larvae. In
successive infections, later-established larvae show reduced growth, and asymptotic size,
if reached, is reduced, or the larvae hardly grow at all. Many interpretations are possible
for this phenomenon (see Michaud et al., 2006, Heins et al., 2002) including those from
our model.

The ‘peak shift’ phenomenon in adult helminths (e.g. Catadori et al., 2005) suggests
that parasite mortality through host immune responses increases with the integral of
parasite mass through time. This may also apply for larvae, favouring facultative

paratenicity for later larvae.

4.2.5. Low growth rate in host i
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Low growth rate in 1, g,, means that longer time and hence higher mortality must be
sustained to achieve a given size. For the most plausible values for o (0<a <1) we
predict greater size at GALM as g, increases.

Because host i is lower down the food chain than j, we expect typically lower growth
rates in i than j because of host i’s smaller size (e.g. Clarke, 1954). Also, where
(commonly) transmission is from an ectotherm i to an endotherm j, this growth rate
difference is likely to be much amplified. Our models predict that a huge growth rate in |
relative to i will promote paratenicity or very limited growth in i — growth is deferred
until the parasite reaches j.

A problem with testing predictions about paratenicity in relation to growth rate in i is
that in paratenic hosts, there is no growth; the potential growth rate, g,, cannot be

measured.

4.2.6. Low mortality rate/growth rate in host j

Despite several reasons for expecting low mortality rate/growth rate ratios for host j
(high trophic level, large body size, likely to be endothermic; see also Parker et al.,
2003a), establishment in j does not necessarily guarantee low mortality. In fishes,
Hopkins (1959) observed only 1 percent of the cestode Proteocephalus filicollis in three
spined sticklebacks surviving to release eggs, whilst Chubb (1963) found a dynamic
equilibrium with Triaenophorus nodulosus in pike intestines, generating a more or less

constant intensity in fish of a given length throughout the year.
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In Acanthocephala, paratenic hosts commonly occur before the definitive host if this
is a bird or mammal (i.e. an endotherm), but less frequently if the definitive host is
another ectotherm, e.g. a fish (see data in Schmidt, 1985). Endothermic predators offer
much higher growth rates and reduced mortality, explaining why the fish host is treated

as paratenic if the definitive host is a mammal or bird (very low p,/g; and B=p g,/g)).

4.3. Host-parasite coevolution and the likelihood of paratenicity

BPC summarised effects of coevolutionary changes in Eq. (1) parameters due to
host-parasite conflict. Defence by host i may increase p¥, which scales the mortality rate
increase during parasite growth, increasing the probability of paratenicity. Evolved host
manipulation may reduce the probability of paratenicity by increasing the transmission

rate, p;.

Of key interest will be evolutionary changes in mortality rate after GALM affecting
p2, or specifically, a, which greatly influences the strategic option between growth and
paratenicity. The evolution of encystment, a parasite response, is likely to reduce
mortality at GALM. Encapsulation, a host response, may initially have increased parasite
mortality, but its deleterious effects have been shown empirically to reduce over
evolutionary time (Kraaijeveld et al., 2001). Further, if encapsulation is a host response
that reduces parasite harm to the host by isolating it from host tissues (see Section 4.1.1),
o is again likely to reduce through selection on parasite resistance; parasites have
evolved high resistance to their specific hosts’ immune responses. Thus when a parasite

larva stops moving through the host tissues, undergoes GALM, and allows encapsulation,
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this is probably an evolved parasite strategy which reduces its mortality rate (as in the

cestode Triaenophorus nodulosus in perch livers, see Chubb, 1964; Kuperman, 1981).

4.4.  In conclusion: paratenicity as a growth strategy

Paratenic hosts can be facultative, often occurring when an intermediate host i is not
eaten by the definitive host j, but by an alternative predator which then becomes a
paratenic host (e.g. Bothriocephalus gregarius, Morand et al., 1995). Such transmission
events are probably less common than the shorter more typical cycle. This ‘less
common’ host effect may constitute one major opportunity for the evolution of
paratenicity, relating to the costs of increasing the host spectrum, i.e. to the costs of
generalism (Parker et al., 2003a; BPC). Helminths have high resistance to their usual
hosts (i, j), but much less resistance to hosts that are less commonly utilised (k). Host k
may be a lateral host to i. An explanation relates to the costs of additional resistance

mechanisms when the transmission pathway p, is less frequent than p,. If the parasite

remains poorly adapted to host k for adaptive economic reasons, its mortality rate, were it
to grow actively in k, would be high. Thus if GALM represents a safe haven, allowing an
immediately reduction in mortality, paratenicity is predicted to be a common adaptive
strategy for such hosts. This ‘less common host’ effect cannot, however, explain obligate
paratenicity at a given stage in a cycle (see Anderson, 2000 for nematodes; Schmidt,
1985 for acanthocephalans).

Parasite larvae show great variation in growth strategies in their hosts: here we have
attempted to create a predictive framework for this diversity. In particular, we urge that

paratenicity should be recognised as one component of a set of growth strategies, rather
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than as a ‘transport’ event or an ‘ecological bridge’ (e.g. Poinar et al., 1976; Marcogliese,
2001) in a complex helminth life cycle, which is equally applicable to intermediate hosts.
As stressed in the Introduction, the fundamental distinction between intermediate and
paratenic hosts relates to the growth and life history strategy of the helminth larva. There
would be much to commend a change in terminology from ‘intermediate host’ and
‘paratenic host’, to the single term ‘intermediate host’ for any host preceding a definite
host in a life cycle. Intermediate hosts could then be termed either ‘growth intermediate
hosts’ or ‘paratenic intermediate hosts’ to reflect accurately the parasite’s growth

response in any host prior to the definitive host in a life cycle.
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Appendix A: Iteration of fitness and other tests of the solution for optimal size at

GALM

BPC (Ball et al., 2008.) showed that expected number of eggs produced by the

parasite in host j (our fitness measure) is

E(td) = (W,ﬂ + Wg;z)(l - ¢d ) D
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where w, is the number of eggs produced by a mutant that transfers to j before it reaches
size W,, w;, the number produced by a mutant that transfers to j after it reaches size W,

and (1-¢,) is a constant relating to the costs of generalism (see BPC).

To examine the relation between fitness and ¢4, we iterated solutions for fitness at

given values of a, from the following equations (BPC):
Wi :A_[epfg’t/g/ni(t,td,gi)dt (A.1)
0

Wy, = A" i (1 ,t,,8)1 Pl (L) (A.2)

where A=(b,W;/p)P,p,e”’ 1Wi=Wo)'s; (which contains only constants related to

parameters in host j, see BPC Eq. (10) ), and p{(z,)=(p'(t,)+ p;)- While (A.2) can be

integrated, (A.1) cannot, and was iterated numerically using the software package proFit.
For the linear mortality case (BPC; Eq. (A.8)),

— ~(Pi+P 5 Wo+py)i+pligit® 12) .
n,(t)=Pe ’ fort<(W,=W,)/g;

(A.3)
n,(t) =0 otherwise.

BPC used a simpler version of the accelerating mortality case (their Eq. (7))
P ()= P+ P /W, =Wy =g),
which (after correcting typographical errors in BPC Eq. (A.9)) gave

n,(t)=Pe TIO[W, WW,, - W) for t < (W, —W,)/g;:

n,(t) =0 otherwise.
For the accelerating mortality case used in the present paper (Eq. (4)), we obtained:

n,(1)= Pe PO O Wy oW, — WP s for 1 < (W, — W) g

(A.4)
n,(t) =0 otherwise.
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We also checked for paratenic solutions that the gradient dE(¢, =0)/dt, <0, i.e. that
a local optimum occurs at ¢, =0, from Eq. (11). We confirmed analytical solutions in

regions where size at GALM is predicted analytically to be intermediate (W, <W, <W,)

m

by iterations of fitness. Where optima exist at the end points (W,, W, ) the quadratic

solutions could not be used and such regions were also determined by fitness iterations.
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Legends to the Figures

Fig. 1. Noise mortality rate, p,;, in relation to time # spent in the host. The continuous line
shows the relation between mortality rate and time when GALM occurs at time 7,
before the maximum possible size has been reached (the mortality rate becomes

infinite at time ¢_, ). Thus the mortality rate changes at GALM from p'(#) (open

max

(2)

circle) to p,-’(¢) (filled circle). The relation between noise mortality and the time
of GALM, p'”(t,), is shown as the thin broken line. The dotted line shows the
size-independent mortality rate, p,. Parameter values are the same as the default
values used for Figs. 2, 3 and 4, i.e. p% =0.001, p’=0.01, g =0.1, W, =1,

W =10 (¢, =90), and here we set (arbitrarily) ¢, =70. In (a) and (b), the
mortality rate p'’(¢) increases linearly with time ¢ during growth from W, to W,
(where W, <W ), following Eq. (3). If growth is arrested when parasite size
reaches size W, at time 1,, the mortality rate changes to p'.’, following Eq. (7). In

(c) and (d) the mortality rate p'(¢) increases linearly with time ¢ during growth

from W, to W, (where W, <W ), following Eq. (4). If growth is arrested when

(2)

ni

parasite size reaches size W, at time 7, the mortality rate changes to p
following Eq. (8). GALM causes the size-dependent component of mortality to

change by factor & (see Egs. (7) and (8). In (a) and (c), & = 0.2, so that mortality
rate decreases at GALM. In (a) and (c), & = 1.5, so that mortality rate increases at

GALM.
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Fig. 2. The relation between fitness (lifetime egg production) and W, the size at GALM,
between its lower limit of paratenicity (W) and its upper limit where there is no
GALM, but the larva continues to grow until it dies (W, ). Each curve corresponds
to a different value for the factor e (values shown on each curve), which scales the
size-dependent component of mortality rate at GALM. Filled circles show the
unique or the higher fitness peak for each curve, open circles the lower peak when
one exists. Parameter values are the same as those used for Figs. 3 and 4, i.e. p% =
0.001, p’. =0.01, p; =001, p;,=0.02, g, =0.1, g, =0.2, W, =1, W, =10. (a) the
linear mortality model, (b) the accelerating mortality model. In (b) the open square
indicates the fitness achieved by continuous growth (no GALM); this may be either
a unique peak, or the higher or lower of two local optima depending on the value of
a. Curves are cubic splines fitted using the software package proFit to points

iterated at W, intervals of 0.1 (i.e. 90 points per curve).

Fig. 3. Some effects of varying the parameters in the linear model (Egs. (3) and (7)) on
the prediction for optimal growth strategy in an intermediate host i, in relation to
the factor &, which scales the size-dependent component of mortality rate at
GALM. The optimal growth strategy may vary between immediate growth arrest at

size W, (the size at infection, i.e. the paratenic strategy), or growth to GALM at

size W, <W

m?

or continuous growth until death up to or before size W, (i.e. no
GALM). Default parameter values are as in Fig. 2. (a) Variation in the parameter,
pi, the parameter that scales the cost of size-dependent component of noise

mortality. (b) Variationin p;/g, , the ratio: mortality rate in j/growth rate in j. (c)
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ACCEPTED MANUSCRIPT

Variation in g, , the growth rate in i. (d) Variation in y=p_, + p;;» the sum of

random (time-independent) mortality rate in i, and transmission rate from i to j.

Fig. 4. As Fig. 3, but for the accelerating mortality rate model (Egs. (4) and (8)). Default

parameter values are as in Fig. 2.
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Figure 1c:
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Figure 1d:
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Figure 3a:
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Figure 3b:

12.0 . |
growth until death (b)
Wm p;/g;=01
8.0+ 7
Wd p;/8;=005
--"'"—-’-_
40t :
——p;/g;=002
Wo—pjfgj=0_01\ .
0o paratenicity
0.0 0.4 0.8 1.2

Growth arrest mortality factor, o

51



Figure 3c:
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Figure 3d:
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Figure 4a:
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Figure 4c:
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Figure 4d:
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