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Biological Background
Kinds of Life Cycles

Although the marine environment harbors thousands of animal species with many distinct body plans,
biologists have established major generalizations about marine life cycles. By 1900, two characteristic life
cycles had been identified for groups that have an adult phase in benthic habitats (i. e., living on, or in, a
rocky or muddy substrate). It was known, for example, that the life cycle may be spent either entirely in the
benthic habitat, or may include a larval phase that lives for an extended period in the water column (pelagic
larva). In an entirely benthic life cycle, either an adult gives birth to juveniles that have developed within
the parent, or the adult lays eggs in protective egg capsules that it attaches to the substrate. These eggs
then hatch into juveniles that have the same general morphology as the adult. In either case a larval phase

is bypassed. An alternative life cycle, involving a larva that feeds in the water column, is more common.
The larva is nonreproductive, frequently lives near the surface of offshore coastal waters, and metamorphoses
into a sedentary adult (e. g., snails with limited mobility) or a sessile adult {e. g., barnacles permanently
attached to the substrate). This distinction between a purely benthic life cycle and a mixed pelagic-benthic
life cycle initiated attempts to identify and to classify still more types of life cycles. Here is a summary that
encompasses much of the variety, beginning with a completely pelagic life cycle, extending through various
types of mixed pelagic-benthic cycles, and ending with completely benthic life cycles.

0. Completely pelagic life cycle—a great many species, from several phyla, that reside in the water column
for their entire life cycle.

1. Pelagic life cycle except for benthic spawning—species, like salmon, that reside in the water column
their entire life except for reproduction. Also, some Hydrozoans exist primarily in a pelagic medusid
phase with a reduced sessile hydroid phase. :

2. Tiny feeding larvae with benthic adults—the majority of invertebrates. The cycle begins with a tiny
larva that feeds for weeks or months in the water column until the size for metamorphosis is attained.
The larvae are called “planktotrophic” because they consume plankton, usually algae, as food. Most
larvae are in the water column and can be termed “pelagic,” while others are nearly sedentary on the
ocean floor, and are called “demersal.” After metamorphosis to the adult morphology, the juveniles
typically feed in the benthic habitat until they attain a size at which reproduction begins.

3. Large nonfeeding larvae, or no larvae at all, with benthic adults—species either with live birth (vivipary)
or with large eggs deposited in protective egg capsules that hatch into small replicas of an adult (direct
development). Also, some species produce a large larva that settles within minutes of release and
metamorphoses into the adult morphology, as with the “tadpole” larva of tunicates. Finally, some
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species produce a large relatively long-lived larva provisioned with enough yolk that feeding is not
necessary prior to metamorphosis. Such a larva is called “lecithotrophic,” because it feeds upon its yolk
during development. Thus this category lumps various patterns of development and embryogenesis that
share the feature of having all growth {gain in weight) occur in the benthic habitat.

4. Reproduction through budding by benthic adults—species, often colonial, like most corals, many sea
anemones, tunicates and sponges that reproduce, usually asexually, through binary fission or by budding
off fully functional adults from specialized polyps. These also may have a short-lived nonfeeding larva.

This classification is not exhaustive, and even within these classes further distinctions are sometimes possible.
Clearly the categories span a range from completely pelagic, through mixed cycles with a nonreproductive
planktonic phase and a reproductive benthic phase, to completely benthic.

Evolutionary Issues

During the early 1900°s ecological correlations were suggested for the life cycles of some species, but
the present-day discussion was initiated by the great Danish marine biologist, Gunnar Thorson (1936, 1946,
1950). Here are the main issues:

A. Over 70% of the noncolonial invertebrates with some benthic part to their life cycle have a pelagic larva
{Mileikovsky 1971), and the great majority of these are planktotrophic. Therefore, is there some great
advantage to a planktotrophic larva that might account for its commonness? Thorson mentioned two
further points:

a. The pelagic larval phase inherently involves a huge “wastage” of larvae; each adult produces tens
of thousands of larvae, nearly all of which are either eaten while in the water column, or carried
away from shore by oceanic currents.

b. The population dynamics of species with pelagic larvae are very erratic because of susceptibility
to large unpredictable changes in the offshore currents relative to otherwise similar species having
direct-developing larvae. :

Thus, the reasons why planktotrophic larvae are so common among species also explain why the pop-
ulation dynamics of so many marine species inherently involve large larval wastage and erratic changes
in population size.

B. Does the sequence of life cycles ranging from purely pelagic, through mixed cycles, to purely benthic
represent distinct classes of strategies or does the sequence represent points uniformly distributed along
a continuum of possible strategies? Thorson observed that the size of the egg together with any ac-
companying nutritive and protective material may serve as a morphological index of a planktotrophic
or direct-development life cycle. Tiny eggs, barely visible to the naked eye, are typical of life cycles
with a feeding larval phase, while large eggs (e. g., | mm in diameter) are typical of life cycles where
the embryos develop in benthic egg capsules. Moreover, the egg size shows little variation within a
species. Therefore, the distribution of egg sizes from a collection of species can indicate the distribution
of life-cycle types among those species. Figure 1 shows the distribution of egg diameters for a group of
snails (Prosobranchs) from the region of Denmark. A clear tendency to bimodality is apparent. While
most species have tiny eggs, and a planktotrophic larval phase, a subset has large eggs and direct devei-
opment. These data underdie the proposition that the life-cycle categories represent distinct classes of
strategies. Nonetheless, contemporary investigators with other groups of animals usually do not confirm
the observation of bimodality in egg size. ,

a. In some groups, like acorn barnacies, no instances are known of direct development (Strathmann
1977}. Such groups consist entirely of the planktotrophic-larva benthic-adult life cycle.

b. In groups having only a small percentage of direct-developing species, the distribution of egg sizes
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is not bimodal but positively skewed (cf., Perron and Carrier 1981, Grant 1983).
Still, the distribution of marine life cycles is neither uniform, nor normal, and can be thought of as
concentrated at foci representing distinet classes of life cycles.

C. Thorson discovered a latitudinal gradient in the percentage of species having a planktotrophic life cycle
in contrast to a direct-development life cycle. Consider a set of comparable species, say ail those in the
same genus, or family. Thorson observed that the fraction of direct-development species in such a set
increases monotonically from 0 to nearly 1 as one traverses a path from the equator to the poles. As
Figure 2. shows for a group of snails, toward the equator all species have pelagic larvae while above
the arctic circle most have direct-development life cycles. This latitudinal gradient has been strongly
corroborated with further data on snails, and for some other groups (Mileikovsky 1971). Furthermore,
Thorson noted that lecithotropic larvae are found exclusively in the tropics, suggesting a latitudinal
gradient whereby the fraction of lecithotropic species declines on a path from the equator to the poles.

D. Thorson did not discuss fish or plants, and discussions of marine life cycles are normally focussed only on
noncolonial invertebrates with a benthic adult phase. While many seaweeds have biphasic live cycles,
coupled with an alternation of ploidy, both phases are often benthic. A life cycle in which one of
the phases of a plant releases a tiny spore to the water column that then grows there to & medium-
sized structure, such as a ball or sheet, before attaching to benthic substrate for further growth and for
reproduction, is rare or nonexistent for seaweeds. Yet this life cycle is the most common type for benthic
marine invertebrates. In contrast, the life cycle of marine fish seems to accord qualitatively with that
of invertebrates. Fish that are benthic as aduits, e. g., those with territories or home ranges, usually
have pelagic larvae. Ecologists studying coral reef fish report a pattern of population dynamics for the
benthic population (the stock) governed by larval seitlement similar in principle to that of invertebrates
with pelagic larvae {Victor 1983, 1986).

The Questions Posed

Thus, a theory for the evolution of life cycles in marine animals should eventually answer all of the
following questions:

1. Why are marine life cycles patterned in discrete types of strategies—ranging from purely pelagic, through
pelagic-larva with benthic-adult, $o purely benthic?

2. Why do the great majority of species with a benthic adult stage possess a pelagic larva?

3. Why do most species groups possess only a subset of the possible fypes of life cycles?

4, Why do plant life cycies differ from animal life cycles?

5. Why does the percentage of species (a) that have direct development increase, and (b) that have
lecithotrophic larvae decrease, from the equator to the poles?

Theoretical Background
Larval Feeding

Vance {1973) offered the first theoretical contribution to the evolution of marine life cycles; the focus was
on larval feeding. He posed the following strategy question: How much material should an adult place into
each egg to maximize the number of offspring that eventually attain a certain size? At this desired size the
larva undergoes metamorphosis to the aduli phase. The breeding adult is understood to have a finite pool
of material to place into eggs. Its options range from making many small eggs to a few large eggs. The small
eggs give rise to larvae that spend a long time feeding in the water column, while iarger eggs produce larvae
that spend less time in the plankton, and, in the extreme, egg large enough to metamorphose immediately
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are regarded as bypassing the larval phase altogether, as in direct development.
To formulate this question Vance (1973) assumed a linear growth iaw in the larval phase

8(t) = mt + 89 (1)

where & is the sige (weight) of the larva at time ¢ after release, s, its size when it was initially released, and
gt i the larval growth rate (in units of weight per time). If the size needed to metamorphose is 4, then the
duration of larval life, ¢, as a function of the initial larval size, 8, needed to attain that size is

t.@.):li;i) (2

Also, the adult has some quantity of material to put into eggs, say Q. The number of eggs that can be
produced is therefore Qfss. The number of offspring from the adult that eventually reach the size for
metamorphosis is then the number of eggs produced, times the probability of survival through the larval
phase, If the instantaneous mortality rate for larvae in the water column is », then the number of offspring
left by the adult that reach the size, s, is

N{ss) = (sg)e"’('c*'n}/ﬂ (3)

This function is either monotonically decreasing or U-shaped on the interval [0, &| depending on whether its
minimum is greater than or less than .. This result was taken to indicate that selection either unequivocalty
favors lowering s, to as low as possible (when N(ea) is monotonically decreasing), or favors two distinct
strategies, both s, — 0 and s, — s, (when N(s,) is U-shaped). Thus either all taxa should converge
on tiny planktotrophic larva, or the taxa should split into two distinct classes, one with tiny planktotrophic
larva and the other with a direct-development life cycle that bypasses the pelagic larval stage altogether.

Vance's (1973) strategy argument offered a point of departure for a over a decade of further discussion
(see review in Strathmann 1985). Among the modifications studied are sigmoid lacrval growth with sige-
dependent larval mortality {Christiansen and Fenchel 1979), a cost of egg encapsulation that increases with
egg size (Perron aid Carrier 1981), alternative adult fecundity functions (Caswell 1981), and composite
formulations that combine all of these additional ingredients (Grant 1983). Nonetheless, no analysis to date
rests on a population mode] for the entire life cycle; all the extension's of Vance’s original contribution stili
pertain only to a piece of the life cycle.

Larval Dispersal

Another major function of a pelagic larval phase is {o effect dispersal. After Vance's model was published,
Crisp (1974, 1976), Doyle (1975), Frank (1981}, and Palmer and Strathmann (1981) explored the evolutionary
significance of the dispersal resulting from a pelagic larval phase. The common message from these papers
can be expressed as a comparison between the arithmetic and geometric means of all the local-population
growth rates that occur in the geographic region occupied by the species. In essence, a metapopulation
(species population) with pelagic larvae grows by an arithmetic average of the various local-population
growth rates, while a metapopulation with a direct-development life cycles grows by a geometric average of
the local-population growth rates. Since the arithmetic average is greater than the geometric average, the
life cycle with pelagic larvae is advantageous.

Consider, for example, two generations with both types of life cycles. Suppose four sites are initially
started with 100 animals apiece, and that the population geometric growth factors {R) in these sites are
1/2, 2, 1/2, and 2 respectively. At time-1 the populations at the sites then are 50, 200, 50, and 200. In
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a direct-development species, these local populations remain at the sites. Let the next generation bring a
new set of R's, say, 2, 1/2, 2, and 1/2. So, the populations at the sites at time-2 are 100, 100, 100, and 100
again. Compare now a species with pelagic larvae. All is the same after time-1. Bui to begin time-2, we
combine the animals from the four sites, and redistribute them. So time-2 begins with a population of 125in
each of the four sites. Then after time-2, the abundances are 250, 62.5, 250, and 62.5. So, the total for the
metapopulation is 625. After two intervals, the metapopulation with pelagic larvae has increased by a factor
of 625/400 = 25/16, which is the square of the arithmetic average of the R's. In contrast, the nondispersing
species with direct-development simply has increased by a factor of 1, which is the square of the geometric
average of the R's. This essential point is pursued in various ways by all the papers mentioned above. In
particular, Frank (1981) notes, in effect, thai both stages should not be mobile. If the larvae distribute at
random, then the adults should stay put, for otherwise the adults would experience a geometric average of
the mortality rates among the sites, thereby removing any advantage of the arithmetic averaging that has
resulted from the larval dispersal.

The models investigating the importance of dispersal demonstrate, I think, that dispersal is not the
major consideration in the evolution of the life cycle consisting of pelagic larvae and benthic adults. The
advantage to dispersal discussed above, while genuine, is fully attained with only a little bit of dispersal. All
that is needed is enough dispersal so the larvae “see” an independent sample of environmental conditions.
The scale of dispersal has to exceed the scale of any spatial autocorrelation in environmental conditions.
Similarly, Palmer and Strathmann (1981) conclude that ... feeding larvae of benthic invertebrates with
their concomitant long planktonic period, receive little if any advantage from increased scale of dispersal,
and consequently ... the advantage to planktotrophy ... must lie in ... the ability to produce a greater
number of smaller eggs” (p308). In short, the function of the larval feeding stage s to feed; this feeding
is not incidental snacking while on the road to a new location. Moreover, if dispersal were the paramount
consideration, one would expect the dispersal sometimes to be carried out by the adult while the larva is
sedentary. In terresirial insects, for example, the typical life cycle invoives larvae {grubs or caterpillars)
feeding intensively in a small area and winged adults who disperse both for mating and in searching for
egg-laying sites. This life cycle is the reverse of the one most common in the marine environment, but is just
as effective in achieving the advantages of environmental averaging through dispersal.

Other Considerations

Two final considerations: Todd and Doyle (1981) have suggested that in special circumstances the
duration of the larval phase is such that the larvae arrive at a desired habitat at a critical time. The
example comes from a very seasonal site in the North Atlantic. Also, Strathmann (1978) has emphasized
that evolution of a lecithotrophic larva, or a direct-development life cycle, both of which involve the loss of
larval feeding structures, is irreversible. These structures, once lost, are apparently not recoverable.

The Theoretical Task

What remains to be developed then, is theory for the evolution of a planktotrophic larval phase that
takes into account the entire life cycle, and that admits the potential of tradeofls among different phases
of the entire life cycle. A formulation to accomplish this task is sketched in the remainder of this chapter.

- Also, this new formulation allows a wider range of questions to be addressed than previously possible.

A Population Model for a Marine Life Cycle

Population Dynamics



To obtain a population-dynamic modet for the full life cycle we adapt a formulation developed primarily
for rocky intertidal barnacles (Roughgarden et al. 1985, Roughgarden and Iwasa 1986, Iwasa and Rough-
garden 1985), but that seems simple enough to serve as a metaphor for many other organisms as well. The
environment is imagined $o consist of a benthic substrate of total area A, together with an offshore water
column where a “larval pool” can exist. The N(z,t)dz is the number of adult organisms on the benthic
substrate whose age is between z and z + dz at time ¢. Similarly, L(z,¢) is the number of larval organisms
whose age is between 7 and z 4+ dz at time . Age is measured separately for larvae and adults; for larvae it
is measured from their time of release into the water column, and for adults from their time of settlement
onto the benthic substrate. The population dynamics of this population then satisfy

BN(g:,t) + BNt;:,t) = (=N (z,)

N(O,1) = F(1) [) ' (oL(a, i

A=F{)+ [ o(z)N{z, )ds )

8L(z,t) , OL(x¢ ’
z(; L+ ;SZ ) = —p(s) + Fltel2)Lls,

L(0,z) = ,[o tb(z)L(::, t)dz + [] tm(z)N(x, t)dz

The first equation pertains to the aging and mortality of organisms in the benthic habitat, where the
instantaneous age-dependent mortality rate is 4(z). The second equation describes the settiement into the
benthic habitat; this occurs with mass-action kinetics onto the vacant space, F(t), on the substrate. The
¢{z) is a rate coefficient for settlement by larvae of age z, and the integral is taken over all ages of larvae
in the larval pool. The third equation stipulates that the total area of the substrate is conserved. The
integral here is the occupied space on the substrate, where a(z) is the age-dependent basal area for a sessile
adult, or the home range size for a sedentary adult, and the integral is taken over all ages of adults in the
benthic habitat. The fourth equation describes the aging and mortality of organisms in the larval pool, with
mortality rate ¥(z). The last equation describes the formation of larvae. In principle, new larvae could be
produced by older organisms in the larval pool, with a birth function 5(z) and also by the organisms from
the benthic habitat, with a corresponding birth function of m(z). No species are known that actually do
reproduce simultaneously in both stages, but the reason why selection does not favor this situation cannot
be discussed in a mode} that does not allow the possibility to begin with. Typically, the model above will be
used where either m{z) is identically zero, to indicate a purely pelagic life cycle, or where b{z) is identically
zero, to indicate any of the life cycles in which the reproductive phase is benthic.

The dynamics for this model have not been fully solved. If both m(z) and ¢{z) are zero, while b(z) is
positive, then the larval population is simply the exponentially growing age-structured population of classical -
demographic theory. In the other extreme, both ¢{z) and m(z) positive, and b(z) zero, the population often
approaches a stable steady state as a result of the space limitation in the benthic habitat, and some special
cases where the steady state is stable have been detailed in Roughgarden and Iwasa (1986).

The Steady States

The steady state, whether stable or not, is easily exhibited. Actually, there are two steady states, one
reprl?enting extinction N(z,t) = 0,L(z,t) = 0, and one representing the interior steady state, F, obtained
as the root of
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where -
f= / bz)e™ Jo sy HPelallin g,
L

E= / . o{z)e” [ertpeleliin
0
x T
M= / m(z)e” S sy,
0
3= / " o(z)e” [5 wtepieg,
0

The F indicates the degree of vacant space in the benthic habitat at the steady state, and the remaining
variables at steady state are found successively from:

A=F+aN
N=¢FL
N(z)=Ne 3 psres
L{z) = [¢~ Jo o)+Fe(wles

(50)

In the following, we simply assume this steady state is stable (as in the cases detailed in Roughgarden and
Iwasa {1986}), and investigate the evolutionary fate of such a population.

The Evolutionary Criteria

Contemporary life-history sheory offers two approaches to determining the strategy to be considered as
“optimum,” that is, as resulting somehow from the evolutionary process. The first approach is to consider
alleles that “mold” the life history presently found in the population. Such alleles, when expressed in a
heterozygote, confer a life history altered from that currently fixed in the population. The type of alteration
that increases the fastest, when rare, is the most likely alteration (abbreviated here, MLA) and represents
the direction in which evolution is most likely to “go” relative to its current state. Also, an allele with
pleiotropic effects can be studied. The rate of increase of an allele making a “unit change” to some part of
the life cycle can be viewed as the value of that change. Then the fate of an allele that affects more than one
place in the life cycle can be predicted by adding the values of the effects at each place. This approach was
pioneered by Hamilton (1966) who proposed a genetical theory for the evolution of senescence, with a major
focus on pleiotropic alleles that eroded survivorship at one age while increasing survivorship at another age.

More recently, Maynard Smith and Price (1973) proposed a conceptually different criterion whose predic-
tions, nonetheless, are often the same as those obtained by considering allelic alterations. An evolutionarily
stable strategy (ESS) is a strategy such that, if i is fixed in the population, produces the lowest rate of
increase for any other strategy that might be introduced. Such a strategy is thus resistant to invasion, and
represents a state where evolutionary stasis is likely to persist, until that is, conditions change enough to
start a new game,

A Threshold for the Evolution of Benthic Life Cycles

We begin with the ESS criterion for an optimal life cycle, and later discuss its synonymy with an MLA
criterion. To identify an ESS strategy we must show that it leads to the lowest rate of increase for any
alternative type. Suppose then that an alternative type appears, as identified by a “2” in subscript; the
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original type is left unsubscripted. The dynamics for the new type, given that it is rare and that the original
type exists in steady state, is given by

BNz, ) aNQ(z, 0 _

2 —pa{)No(2,t)
Ng(o, f)=F ﬁ ‘ &r(z)La(3,t)dz (7)
aLia(:’ t) + aL"'a(:' t) = ..-[uz(z) + F'cz(z)]Lz(Sf t)

Ly(0,8) = L tbg(z)L-g(S, t)dz + A tmg(z)Ng(z,t)dz

The exponential rate of increase for the introduced type is found by seeking a separable trial solution,
No(z,1) = No(z)No(t) and similarly for Ly(z, t). This asymptotic solution is then found to be
( x) —-rg— f pa(s)ds
—F f [va(u)+Fea(s)jds

(”)“ )
Nz(t) =CN
Lg(t) =¢pe
and the exponential rate of increase for the alternative type, r, satisfies
1=ba(r, F) + Foafr, Fima(r) (9)

where

A
62('.’ F'): [ 3) o8- I [ra(w)+Fes{e)jin dz (10)

M(f') =] MQ(.'B)B-"-IU’ u:(l)‘ldx

The original type is an ESS if it minimiges the r determined as the root of Eq. (9). The properties
of the original type in the population enter only through F. Therefore, whatever traits constitute an ESS
do s0 by virtue of their effect on F\ Speclﬁcally, if decrea.smg F lowers r, then an ESS is a strategy that
minimizes F. Thus, an ESS is a strategy that minimizes ¥, provided the derivative of r with respect to #'is
positive, and conversely if the derivative is negative. So, to find the effect of increasing or decreasing ¥ on
r we differentiate Eq. (9) ta.kmg r as an implicit function of ¥. The result is

dr _ 5m -0l - Fol
ﬁﬁ 7 (11)

where & and g are defined in Eq. (10), and |
el= [ i ([ ’ca(u}du)e""fu""’('”' ca(e)lds gz
o ‘Jo

662- = A oo( A ’ 02(u)du)bz(a:)s""fo‘[”’(‘)'*'f ea(w)ids dz

(12)
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and Z is a positive quantify. Thus, if the numerator in Eq. (11) is positive, then an ESS is a life cycle
that minimizes . In this situation some life cycle with a benthic component (either completely benthic,
or benthic only in the adult phase} is an ESS. But if the numerator of Eq. (12} is negative, then a life
cycle with some benthic component is not an ESS, as the population presumably evolves to a purely pelagic
state, 1. e., occupancy of benthic space is minimized because F is maximized. In more detail, the expression
&My — Coby indicates the comparative reproductive success inherent to the benthic and pelagic habitats
respectively. If this is positive, the benthic habitat offers some inherent advantage. However, the abundance
that can be realized in that habitat must also be sufficiently high (i. e., F sufficiently low) for the numerator
in Eq. (12) to be positive, and accordingly for some benthic life cycle to be an ESS. Therefore, a threshold -
exists—expressed as a minimum abundance that must be achieved in the benthic habitat. If the realized
abundance is not higher than this threshold, even if the benthic habitat is inherently better for reproduction,
then the species should be purely pelagic.

Properties of an Optimal Benthic Life Cycle

Now let us suppose that the threshold condition for a benthic life cycle derived above is satisfied, and
explore what an optimal life cycle with a benthic component should look like. The mathematical criterion
will be to find the life cycle that leads to a minimum F. This cannot be done in the abstract, however,
because the problem has been posed in terms of particular traits, such as the size of the larval stage at its
time of release, the duration of the larval phase, the size of the larvae at the time of metamorphosis, the
size of the adult at which it begins to reproduce, and so forth. To explore an optimal life history in terms of
such traits we need special submodels that summarize the interrelations among the traits—the constraints
and the tradeoffs. Other submodels may be used if those introduced here prove too unrealistic.

The Submodels

a. The mortality rate in the benthic habitat is taken as independent of age,

w(z)=p (13)
b. The mortality rate in the larval habitat is also taken as independent of age,
vz)=v (14)

¢. The settlement coefficient as a function of age is taken as a step function,

d(z)=0 (0<z<t)

=¢ {z221) (19)

The t; is the age at which the larvae have attained the size, 3., necessary for metamorphosis.
d. Growth in the larval habitat is assumed to follow a power law until the size of metamorphosis is reached,
after which growth is assumed to stop:

o) =lalt+aM/a) (0<t<H) (16)

Here ¢ is the time since release, f; is the duration of the larval phase, & is the larval weight at time ,
and s, is the larval weight when initially released. The g is the growth rate in the larval habitat, and
ki i8 the power constant for larval growth—ithis reflects the allometry inherent in the body plan of the
animal. The parameterization in Eq. (16) allows the initial larval size to be viewed as giving the larva a
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