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Summary

1. That many animals and plants continue to grow after reproduction begins is a
theoretically challenging evolutionary problem. We compare and extend the theories
predicting intermediate resource allocation patterns. Our population dynamics model
is developed for freshwater clams, which typically show considerable growth after
maturity.

2. In the simulations, we used an age- and size-structured discrete-time resource
allocation model, and applied dynamic programming algorithms to determine the
resource allocation strategies that maximize fitness, measured as expected lifetime
production of offspring, Ry,

3. High levels of mortality select for early maturity and high reproductive effort.

4. Some adult growth is optimal in cases of size-dependent survival and production
rates. However, this is not a sufficient explanation of the levels of adult growth
observed.

5. We consider two trade-offs related to the mass of the offspring: one between
relative glochidia mass (ratio of glochidia weight to the weight of the rest of the body)
and production weight, and the other between relative glochidia mass and survival. In
both cases, substantial adult growth is optimal, and the growth curves produced by the
model are similar to those observed in clams. We discuss how these trade-offs are

likely to arise in freshwater clams.
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Introduction

Animals with indeterminate growth (e.g. fishes,
snakes, lizards, and clams) experience life-history
trade-offs between growth and reproductive effort, and
between current and future reproduction. Repro-
duction requires energy, which then is not available for
growth or maintenance. In many cases, growth ceases
completely when reproduction begins, resulting in
determinate growth. Such a growth strategy has been
referred to in the literature as the ‘bang-bang strategy’,
as opposed to the intermediate strategy where growth
continues after maturity and is indeterminate (Perrin
1989; Sibly, Calow & Nichols 1985). In a wide class of
life-history models the determinate (bang-bang)
growth strategy is optimal (see reviews by Kozlowski
1992; Perrin & Sibly 1993; Engen & Sather 1994).
Factors proposed to maintain indeterminate growth
include size-dependent mortality and production rates

* To whom correspondence should be addressed.

(Perrin, Sibly & Nichols 1993), age-specific mortality
(Engen & Sather 1994), unpredictable environment
(King & Roughgarden 1982; Taylor & Gabriel 1993),
and diminishing returns of reproductive investment
(Taylor et al. 1974; Le6n 1976). Structural constraints
may also be operating, like the limited growth rate of
the reproductive organs (Kozlowski & Ziolko 1988)
and space-limitation of the brood-chamber in the
daphnids (Perrin, Ruedi & Saiah 1987). Freshwater
clams, which brood their young in gill chambers, may
also face the space limitation during reproduction.
The annual reproductive potential of a mature indi-
vidual usually depends on the individual’s size (Ware
1980; Taylor & Gabriel 1993). In such a case,
resource allocation along with age at maturity are
expected to be crucial and evolutionarily sensitive
life-history traits. In particular, the optimal resource
allocation should be affected by age- or size-specific
mortality or fertility patterns. Furthermore, these
mortality or fertility patterns may be affected by
such ecological factors as intra- and interspecific
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competition, and by risks of predation, and by
castrating parasitism.

We compare, with a model developed for fresh-
water clams, different life-history theories that pre-
dict intermediate resource allocation strategy.
Freshwater clams typically show considerable
growth after sexual maturity (Fig. 1). An appropriate
test for a theory is its ability to produce a qualitative
fit to the observed growth patterns. We carried out a
dynamic study on resource allocation between
growth and reproduction in animals with potentially
indeterminate growth. Because of our interest in the
factors maintaining intermediate resource allocation
and indeterminate growth patterns commonly
observed in both animals and plants, we developed,
for our study, a general age-structured population
dynamics model for freshwater clams. This allowed
us to study the effects of age- and size-specific mor-
tality patterns and trade-offs related to the volume
occupied by the gonads or offspring on resource
allocation. The fitness of the animals was measured
as their lifetime production of offspring, Ry. In a stable
population, if density dependence affects the repro-
ductive success in a multiplicative manner, density-
independent Ry, is a valid fitness measure (Mylius &
Diekmann 1995).

We develop the population dynamics model in the
next section, with results presented in the Results
section.

Population structure and evolutionary
optimization problem

Here we describe the relevant life-history characteris-
tics of freshwater clams. We then develop an age- and
size-structured population dynamics model, and intro-
duce the evolutionary optimization problem.
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Fig. 1. Freshwater mussels Anodonta spp. show consider-
able growth after maturation, although such growth may
eventually cease. Different species are indicated as follows:
A. woodiana (triangles, data from Dudgeon & Morton
1983), A. grandis (boxes, Hanson et al. 1988) and A. anatina
(circles, Taskinen & Valtonen 1995). White and black sym-
bols denote immature and mature age classes, respectively.

FRESHWATER CLAM LIFE HISTORY

Anodonta spp. may mature at the age of 1 year
although maturity is usually delayed for some years
(Dudgeon & Morton 1983; Hanson, Mackay &
Prepas 1989; Taskinen & Valtonen 1995). Fertili-
zation takes place in June (Jokela, Valtonen &
Lappalainen 1991). The eggs are transferred to gill
chambers, where they develop into glochidia larvae;
glochidia, stored in gill chambers over winter, are
released in spring (Jokela et al. 1991). They attach
themselves to the fins and gills of common fish
species, where they remain for some weeks, meta-
morphose, and finally detach and drop to the bottom.
Post-larval mortality occurs predominantly during
late winter (personal observation). Growth is fastest
during the early season after which allocation of
energy to reproduction increases (Jokela 1993). No
growth occurs in winter.

AGE STRUCTURE AND REPRODUCTION

Consider a population of animals that reproduce season-
ally once a year and in which the growth is potentially
indeterminate. The population census takes place just
before the release of offspring. Individuals may mature
at any age, and allocation of the resources between
growth and reproduction may change between years.
The reproductive success of an individual is assumed to
depend on the population density. Reproduction is fol-
lowed by an overwintering period, during which sur-
vival is assumed to be independent of density.

Let k denote the index updating the reproduction —
overwintering cycles. Let the subscript a denote the
age class (a=0, 1, ..., ag,y), and let ay denote age-at-
maturity. Assume that when reproduction begins dur-
ing season k there are X, (k) individuals in age class a.

Assume next that a constant age-specific fraction [,
of the overwintering individuals at age a survive over
the overwintering period following the reproductive
season k, to remain alive in the beginning of the repro-
ductive season k + 1. Then, the number of the over-
wintered individuals is

X, (k+ )=, X, 1(k),a=1,....amax. eqn 1

Let 6,>0 denote age-specific per capita reproduction
by mature individuals, that is, the number of young
released at age a. Then the total number of offspring
produced in the population is

Amax

xok)= X 0X,(k), eqn 2

where 6,=0 for a<ay.

GROWTH STRATEGY

The relationship between age and size (length) is
modelled by the following growth equation

Ly=0, eqn 3
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La+l=La+A(La) mm fora<aM cqn4
and
La +15 La + Sg(La) A(La) mm for a> awn, eqn 5

where L, is the length at age a, A(L,) is the maximum
growth at length L,, ay, is age-at-maturity, and Sy(L,)
is the growth strategy (i.e. the ratio of realized growth
to maximum growth). Note that age-at-maturity refers
to the age at which energy allocation to reproduction
begins. Glochidia are released in our model one year
later.
We next make the following assumptions:

(1) amajor part of the energy that is required in growth
is used in developing the soft body parts, measured
as body weight, W,, at age a. (Note the distinction
made here between the soft body parts and the shell.)

(2) The energy required to produce a unit weight of
glochidia is a constant proportion, ¢, of the energy
required to produce a unit mass of body weight.

(3) The maximum growth potential, A, is constant
and independent of age or size. Growth is usually
roughly linear in clams before maturity, which
makes this simplification valid.

The body weight of the clams is assumed to depend
on shell length as follows

W,=0-0025 L2, eqn 6

where length is given in mm and weight in mg. Thus,
premature individuals increase their body weight as
follows '

W 1,=0-0025 [(L,+A)’~ L] mg, eqn 7

where 8 W, is the increase in weight of a premature
individual at size L,. Mature individuals allocate their
weight increase as follows

8W 1,=0-0025 [(L,+Sg(L)A)’ - L} mg, eqn 8

where the growth strategy is constrained such that
08, (L)< 1.

The unrealized increase in weight, the energy from
which is used in reproduction, is

0-0025 [(L,+A)’ — (L, + Sy(L,)A)’] mg. eqn 9

Recalling assumption 2, the weight of the glochidia pro-
duced at size L, (and released at size L, , ;) is given as

Wi t1=0:0025 ¢ [(L+ A —(L,+S,(L)A)]. eqn 10
g

Since we are not aware of estimates of the conversion
rate, ¢, and because the unit does not affect the opti-
mal growth strategies we assume that ¢=1. Note also
that equation 10 defines the equity 6,="¥,, (see equa-
tion 2).

EVOLUTIONARY OPTIMIZATION PROBLEM

The evolutionary optimization problem is one in
which the optimal growth strategy S, is determined

each year independently. Thus, the maximization of
life-time production of offspring leads to the follow-
ing dynamic programming problem

1
La LIlLa

aAmax~

max
Se(0)rer Syl ) 2 eqn 11

such that equations 5 and 10, where the probability of
surviving from birth to age a, 1,, is defined as follows:
lp=1, and l,=p,_il,_;, a=1,...,apax. Simulations
are carried out by applying discrete-time dynamic
programming algorithms (e.g. Mangel & Clark 1988,
for details, see the Appendix).

Simulation results

Our main results deal with the trade-offs and con-
straints related to the volume occupied by the
glochidia. For the purposes of comparison, however,
we first show growth patterns produced by constant
and size-dependent survival rates.

COMMON PARAMETERS

In simulation studies we used data from two different
but closely related clam species occurring in fresh-
water rivers and lakes in the Boreal Forest zone,
Anodonta grandis (Hanson et al. 1988, 1989, Jansen
& Hanson 1991) in Canada, and A. anatina in Finland
(Haukioja & Hakala 1978, Jokela 1993). No major
differences in the life histories of these two species
have been reported.

The growth potential A varies between different
populations reflecting environmental variation. We
assume here that A= 10 mm, which was the case in the
population studied by Hanson ez al. (1988, 1989). The
maximum age reported by Hanson et al. (1989) is
15 years, although no clams older than 12 years were
caught alive. We assume here that a,,,,= 12 years.

Jansen & Hanson (1991) estimated that 0-007% of
the glochidia produced will successfully attach to
perch, which is a host during the clam’s early parasitic
stage, and that 0-0027% of the glochidia survive to
age2. We assume here that most of the mortality
occurs during the first year, and that the survival rate
of the new-born individuals to age 1 is py=0-00003.
Survival-rate patterns for the other age classes are
given below.

CONSTANT MORTALITY

When mortality is constant at all ages, an optimal
resource allocation pattern is first to grow, then only
to reproduce (Fig.2). None of the cases shown in
Fig.2 led to indeterminate growth, although the
resource-allocation strategy may have been interme-
diate during the year of maturation. The latter prop-
erty was most likely due to the discrete time model
used: optimal adult size cannot be achieved exactly at
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Fig. 2. Different constant, size- and age-independent annual
survival rates | (0-5, 0-75, and 0-95) may produce different
optimal resource-allocation patterns, such that none of them
leads to indeterminate growth. The proportion of surplus
energy allocated to growth (S,) decreases quickly at low sur-
vival rates (u=0-5), whereas high survival rates (IL=0-95)
make it optimal to mature late (a). The related growth patterns
(b) and relative glochidia masses (ratio of glochidia weight to
the weight of the rest of the body, RGM) (c) are also shown.

a certain age if the maximum growth potential is real-
ized during each growth season. As expected, higher
mortality leads to earlier maturation, higher reproduc-
tive effort, and smaller terminal size. All of this is
accompanied by higher age-specific relative glochidia
mass RGM, defined as the ratio of glochidia weight to
the weight of the rest of the body (Fig. 2b). In the case
of high mortality, the RGM becomes very high — the
weight of the glochidia would exceed that of the rest
of the body, which is unrealistic in the case of fresh-
water clams. In the absence of size-specific mortality,
the growth potential (A) affects neither the allocation
pattern nor the age-at-maturity, results which contra-
dict those obtained by Engen & S&ther (1994).

SIZE-SPECIFIC MORTALITY

Muskrats are important predators of freshwater clams,
and show size-specific preferences in their prey selec-

tion (Hanson et al. 1989; Jokela & Mutikainen 1995).
Furthermore, the risk for castrating parasitism may to
some extent be size-specific (Taskinen & Valtonen
1995). The effects of predation risk, are reported by
Hanson et al. (1989), and are shown in Fig.3 for
1 =0-95. The resource-allocation pattern is not quali-
tatively different from patterns observed under con-
stant mortality. In the hypothetical case of heavy
mortality, some growth is optimal for several years
after maturation (Fig.3). However, the growth curve
is still very different from those curves observed in
nature. Thus, it is evident that in freshwater clams
size-specific mortality alone cannot be responsible for
the substantial growth after maturation. This result
holds for all ecologically realistic patterns of size-
specific mortality, including mortality decreasing
with size. When mortality decreases with size, the
optimal strategy is always first to grow, then only to
reproduce. Note again that early maturity leads to dis-
proportionately large values for RGM.

TRADE-OFFS AND CONSTRAINTS CONCERNING THE
MASS OF OFFSPRING

It is obvious from the analyses above that any organ-
isms maturing early have a potentially very high
reproductive output relative to their body mass.
However, some organisms, such as clams, may not be
able to realize fully their reproductive potential due to
the limited capacity of their reproductive organs, to
space limitations, decreased feeding efficiency, or
decreased mobility, resulting in trade-offs related to
reproductive effort.

The consequences of possible trade-offs among
RGM, reproductive rate, and growth for clams are
illustrated in Fig. 4. It is assumed that increase in the
volume of glochidia inside female’s gills decreases
her feeding efficiency, leaving her of a smaller size
and with less energy with gonads than without.
Furthermore,- this decreased feeding efficiency is
assumed to decrease her annual growth potential A
such that her annual growth potential is multiplied by
the factor depending on the RGM, as seen in Fig. 4(a).
Analyses of the three survival patterns show that if the
survival rate is high (u=0-95), little is changed as
compared to the unconstrained situation. However,
when the survival rate is lower (u=0-75 or 0-5), sev-
eral years of intermediate resource allocation strategy
can be observed. The resulting growth curves resem-
ble those observed in nature. Again, high mortality
selects for earlier maturity.

Another possible cost associated with high volume
of glochidia is increased mortality. In freshwater
clams this trade-off may be realized as a risk for infec-
tion by castrating parasites associated with filter feed-
ing. This trade-off results in indeterminate growth
patterns (Fig. 5), which qualitatively fit those patterns
observed in nature (Fig. 1). The results are also quali-
tatively similar to those seen in Fig. 4.
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Fig. 3. Size-specific mortality affects optimal resource allocation. All three hypothet-
ical annual predation risks studied increase with size of individuals (a). The dotted
curve is an approximation of the predation risk reported by Hanson et al. (1989).
Optimal resource allocation (b) and the resulting growth patterns (c) and RGM curves

(d) are also shown.
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Fig. 4. The trade-off between RGM and the filtration efficiency of gills affects growth
and reproduction. The growth potential A is multiplied by a factor describing the
decreased efficiency of the gills (a). This trade-off results in intermediate resource
allocation (b) irrespective of survival rates. Corresponding growth patterns (c) and
RGM curves (d) are also shown. The three curves correspond to the different survival

patterns given in Fig. 2(a).

Our explanation for indeterminate growth (see Trade-
offs and constraints) relies on the following key
assumption: a large volume of sexual products is
costly. In freshwater clams this may be realized in dif-
ferent ways. Freshwater clams brood their young in
gill chambers. Brooding is costly in terms of the effi-
ciency of filter feeding: the efficiency of a gill with
glochidia is 50% less than that of an empty gill in
Pyganodon cataracta (syn. Anodonta cataracta)
(Tankersley & Dimock 1993a). The RGM of this
species is about 0-5; thus the trade-off curve in
Fig. 4(a) is fairly realistic. Clams may attempt to com-
pensate for decreased feeding efficiency by increasing
filtration rate, which on the other hand, may increase
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the risk for castrating parasitism. Tankersley &
Dimock (1993b) did not, however, observe any
increase of filtration rate in gravid females.

The valves also set a physical upper limit for the size
of brooding gills. More space for glochidia could be
achieved with little additional investment in growth by
an increasing shell obesity (width/length). Hence,
many species are sexually dimorphic in the shape of the
shell, the females having more convex valves. This has
also been reported in Anodonta (Brander 1954).
However, the shape of the shell may not be free to
evolve due to its functional significance in burrowing,
in locomotion and in maintaining a proper position on
soft sediments. For example, Ghent, Singer & Johnson-
Singer (1978) postulate that the flat, heavy shell of
Elliptio complanata is responsible for its occurrence on
hard shallow-water bottoms only, while the Anodonta
grandis with its obese, light shell is restricted mainly to
deep muddy bottoms in the lake they studied.

The cost of a large volume of sexual products may
not be limited to freshwater clams only. In a fish, for
example, a high volume of gonads may impair hydro-
dynamic properties and thus increase energy con-
sumption, or decrease swimming speed. In both cases
we expect the growth rate to decrease. High swim-
ming speed is important for predators attacking highly
mobile prey and for species which must search for
sparsely occurring prey. High swimming speed is also
needed to avoid being preyed upon.

Our model predicts that high values of RGM should
be associated with high mortality and short life-span, and
vice versa. In the case of freshwater clams, this also
means that shell obesity and life-span should be
inversely correlated. Although RGM displays wide vari-
ation in freshwater clams, it is not possible with the data
available to link this variation to the expected life-span.
The maximum value for RGM reported in Anodonta spp.
is 1.0, although values between 0-20-0-50 appear to be
typical (Huebner 1980; Jokela, Uotila & Taskinen 1993;
J. Jokela, unpublished results). However, in Lampsilis
radiata RGM is as low as 0-05 (Huebner 1980).

If the energy content of sexual products is high rela-
tive to that of the somatic tissues, i.e., the conversion
rate c is low, the volume of the sexual products will
not increase as much as expected. In Anodonta,
although the energy content of gonads is high, the
energy content of the gills with glochidia is low
(Jokela et al 1993). Another way to overcome the size
constraint is by gradual release of sexual products. In
freshwater clams this may apply to males only, since
the period of brooding is relatively long in females.

Because male clams do not meet these constraints
to the same extent as do females, we would expect
male clams to have a higher reproductive effort-at-age
and a lower growth rate after maturity. However,
although the lack of published sex-specific growth
curves prevents testing of this hypothesis, males are,
nevertheless, usually smaller than females in
Anodonta woodiana (Dudgeon & Morton 1983).
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Although it is well established that the trade-off
between reproductive effort and survival or reproduc-
tive output could lead to indeterminate growth,
Myers & Doyle (1983) appear to be the first who
have applied these trade-offs to practical models.
However, they did not study other possible explana-
tions. Moreover, most phenomena which may lead to
trade-offs concerning reproduction relate the repro-
ductive output to body size, rather than to somatic
growth, as Taylor et al. (1974), Leén (1976) and
Myers & Doyle (1983) assumed. Perrin et al. (1987)
propose that, in a cladoceran, size constraint is
responsible for indeterminate growth. Later, Perrin
(1989) constructed a simple model of size constraint;
however, his experimental data on a cladoceran did
not support his model.

Engen & Sather (1994) found that if mortality is
a decreasing function of age, an intermediate strat-
egy is often optimal, at least for some period of
time. From the evolutionary point of view, although
age- and size-specific mortalities are often corre-
lated, it is very important to discern which is the pri-
mary ultimate source of mortality: individuals have
some control over size-specific mortality via the
growth strategy, but no control over age-specific
mortality. It is difficult to imagine a biologically
feasible situation in which age rather than size is the
true vector of mortality decreasing with age.
Mortality decreasing with size will not produce an
intermediate strategy in our model.

Contrary to earlier studies (Kozlowski &
Uchmanski 1987; Engen & Szther 1994), energy
allocation to reproduction is not always a mono-
tonously increasing function, despite the fact that
the underlying size-specific production and mortal-
ity functions are monotonous. However, the possi-
ble decrease in reproductive effort at some ages is
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Fig. 5. The trade-off between RGM and survival will affect growth and reproduction.
The survival rates of Fig. 2a are multiplied by a factor denoted as the relative survival,
describing increased mortality due to the large volume of glochidia (a). This trade-off
results in intermediate resource allocation (b). Corresponding growth patterns (c) and
RGM curves (d) are also shown.

generally so low that it has no practical importance;
the cost of being not optimal while following some
monotonous allocation rule is usually negligible.
An important complication in the life-history
theory is the role of stochasticity. Taylor & Gabriel
(1993) using a Daphnia model showed that, in
environments with stochastic variation, intermediate
strategy is optimal under a much wider range of
conditions than in constant environments.
Nevertheless, our results show that environmental
stochasticity is not needed to explain indeterminate
growth. Size-dependent mortality and trade-offs
among reproduction and other energy factors are also
possible causes for this common life-history pattern.
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Appendix: Dynamic programming algorithm

The numerical algorithm for solving the dynamic program-
ming problem (equation 11) is as follows. Let Ry*(L,)
denote the maximum expected residual production of off-
spring at age a and size L,, after the offspring have been
released at age g, and let S;*(L,),...Sg*(Lay; 5 x-1) denote the
optimal resource allocation rules associated to R ,*(L,). The
dynamic programming algorithm is solved recursively back-
ward in time (age) as follows:

1. Compute
(0= L“MAX—1 <(a MAX™
tion problem

Ro*(LaM 1) for all sizes L,,MM(_1
’S(A) from the following optimiza-

Ro* (Lo, )= max Moot PLay,,

Sg(La —1)

MAX

X

such that equation 10 is achieved.
2. Compute Ry*(L,) for all sizes L, (0<L,<aA) from the
following optimization problem

Ro*(Ly)= max P [V, ,+Ro*(Lsy1)]
g\l

such that equation 10 is achieved. Repeat this step back-
wards in time for all ages a=apax—2,amax— 3. --,0.

The precision used for the allocation strategy S, was
1/250, and for the state variable (length) L,, 1 mm. Linear
interpolation was used when the state variable L, fell
between the grid values.



