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Due to the lack of germ line segregation in plants, it is possible to consider plant evolution (but
not the evolution of most animals) as being composed of two evolutionary levels:

1. Intra-organism, in which the replicating unit is a part of the tree (e.g. a branch),
reproduction is asexual, mutations are somatic, and selection operates only upon traits
relevant to vegetative growth.

2. Inter-organism, in which the replicating unit is the whole tree, reproduction is sexual, and
selection operates upon all the traits.

In this work, a case of a con-ict between these two levels is studied. The dynamics of
a mutation, which is advantageous on the branch level but harmful for the whole tree, are
discussed for a one-locus two-allele model. Several cases are considered: dominant, partially
dominant, and haploid. Necessary and su$cient conditions for "xation of such a mutation are
found. The model predicts that as the longevity of a tree species increases, the trees are
expected to be more strongly shifted from their optimal growth-to-reproduction ratio towards
growth, and resource allocation between branches and other tree parts is expected to be shifted
in favor of the branches. Traditional approach, considering the second level only, is justi"ed as
a limit case for short longevity.

( 2001 Academic Press
Introduction

SOMATIC MUTATIONS IN PLANTS

The relevance of Weismann's (1904) classical
doctrine of germ line segregation to plants had
been questioned a long time ago (e.g. Sutherland
& Atkinson, 1986; Klekowski, 1984). According
to Weismann, mutational events should be
divided into two classes, depending on the kind of
cell in which they occur. While somatic
mutations can be expressed, but not inherited,
germ cell mutations can be both expressed and
ail: lilach@math.tau.ac.il
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inherited. Germ cell mutations are, therefore, the
only means for an evolutionary change.

This fundamental distinction is valid in many
animals, where germ cells are produced by undif-
ferentiated cells that are set aside in the reproduc-
ing organs during most of the organism's lifetime.
In plants, the case is di!erent. In most plants,
gametes are produced by cell lineages that are
undi!erentiated, but go through mitotic divisions
and somatic mutations throughout the life span
of the plant (Klekowski, 1988). These somatic
mutations can be a means for an evolutionary
change.

Several plant characteristics allow the accumu-
lation of somatic mutations, and make them
( 2001 Academic Press
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a more signi"cant factor in plant evolution:

f Plants have a relatively long life span and
a large number of cells in a clone}somatic
mutations are more e!ective as the plant lives
longer or grows larger. The relevant somatic
mutation rate per individual per generation is
expected (and in speci"c cases has been empir-
ically shown, see for example Klekowski
& Godfrey, 1989) to be considerably high.

f The complete yearly regeneration of the plant
buds increases the probability that a somatic
mutation, which has occurred in the individual,
will be expressed in the plant population.

f Highly important for our model is the fact that
a plant is composed of many repeating
units*branches (Whitham & Slobodchiko!,
1981). While animals are composed of di!erent
systems (at the organ level of organization)
which have to cooperate in order to survive
and reproduce via a single reproductive bottle-
neck, the equivalent units in plants are able to
reproduce independently (Tuomi & Vuorisalo,
1989). Thus, they are capable of competition. As
a result, a single plant may be considered an
intermediate entity between an organism and
a population.

TWO EVOLUTIONARY LEVELS

As a result of competition between similar
units of a plant, a mutation in a bud will not
necessarily be inherited in the same frequency in
which it occurs. If the mutation has an e!ect on
vegetative growth rate (which might be either
harmful or advantageous), the mutant branch
will go through somatic selection. Therefore,
while dealing with su$ciently long-living plants,
there are at least two relevant evolutionary levels,
di!ering in their replicating units, replication
processes and selection powers:

Intra-organism level*the selected unit is a
branch, reproduction is asexual, and only the
traits relevant for vegetative growth are being
selected.

Inter-organism level*the selected unit is the
whole plant, reproduction is sexual, and all the
traits are selected.
For su$ciently long-living plants, evolution
may be a combination of these two levels, and its
dynamics are prone to be complicated. A muta-
tion may, of course, have a similar e!ect on both
levels, but this is not necessarily the case. A muta-
tion may be neutral in one level, while having
a selective value in the other. An interesting situ-
ation occurs when a mutation has opposite
e!ects in these two levels.

Of the nine possible combinations, three are of
special interest.

Case I. A Neutral}negative Mutation

One of the negative aspects of somatic muta-
tions (from the plant's point of view) includes free
accumulation of mutations that are neutral on
the branch's level, but negative for the whole
plant, as the plant grows older (Klekowski, 1988).
Recessive mutations at any locus, and dominant
mutations in loci relevant &&only'' for roots, stem
development or the sexual reproduction, are in-
cluded in this category. Genetic load was mea-
sured empirically, and shown to be signi"cantly
larger in old trees compared to young ones of the
same species (Aizen & Dovere, 1995), and in
long-living plants compared to non-related
short-living ones (Klekowski & Godfrey, 1989).

Case II: A Positive}positive Mutation

In the case of a mutation that is advantageous
in both levels, such as resistance to a certain
parasite, higher growth rate for a tree in a dense
forest, etc., a plant may have a considerably
greater chance to make use of it than an animal of
similar life span (Whitham & Slobodchiko!,
1981; Gill, 1986). Assume that such a mutation
has occurred in an apical initial, resulting in
a completely or partially mutant meristem.

The mutation may be ampli"ed with the help
of the tree's hormone system. The mutated bud
generates a mutated branch, which grows faster
than other branches, has more leaves, and pro-
duces more oxin. It becomes a &&sink'' and draws
more cytokinine. As a result it grows even faster,
splits, and sheds other branches. Its chances to be
lost by natural pruning are reduced, as it be-
comes more apically dominant. In the next repro-
duction season this branch will have relatively
more #owers and seeds, which (at least partly)
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will carry the mutation. In the next tree genera-
tion, the mutation will be expressed in the popu-
lation at a higher frequency than its occurrence.

By this mechanism &&acquired traits'' may be
inherited*in the sense that environment exerts
selection on the random mutations within the
plant, and determines which of them will be pre-
ferably inherited by the next generation. The
single plant may thus be genetically adapted to
environmental changes. Even subpopulations of
branches within the plant may be di!erently
adapted to di!erent microenvironments, such as
the northern or southern side of the tree. This
mechanism may be of special importance in the
context of plants and herbivores co-evolution
(see Gill et al., 1995, for review), because plants
often live much longer than plant-eaters. A single
mutation can have a drastic positive e!ect on
"tness in the case of host and parasite gene-
for-gene complementarity (Keen, 1990), and
vegetative ampli"cation may be signi"cant.

Case III: A Positive}negative Mutation

These two di!erent cases naturally invoke new
questions, concerning the evolutionary implica-
tions of &&con#ict mutations'', having a positive
e!ect in one level and a negative e!ect in the
other. A mutation increasing the growth rate of
the branch, due to overutilization of the tree
resources, is one example from this group. This
egoistic mutation can be spread in the single tree
by the same mechanism as the positive}positive
mutation. Therefore, it will be expressed in its
seeds with frequency above the mutation rate,
while its e!ect on the whole tree and tree popula-
tion is completely negative*the tree carrying it is
shifted from its optimal resource allocation. Sim-
ilar, but not identical in its e!ect, is a mutation
for a higher growth rate of the branch, due to
reduced number of #owers in the very same
branch. The branch carrying that mutation is not
considered an egoist, since it pays the cost itself.
It is the branch's inter-tree function which is
harmed, while its intra-tree function is bene"ted.
This sort of mutations will be discussed in this
paper.

The opposite case of a negative}positive muta-
tion can be demonstrated by the back mutations
of the last few examples. This sort of mutation
will be eliminated within each tree, but the seeds
produced meanwhile will have a higher "tness, or
a larger number. A seemingly identical mutation,
of more #owers and less vegetative growth, oc-
curring in an optimally allocated tree, is simply
negative}negative.

The case of a negative}negative mutation, such
as a dominant mutation for chlorophyll de"-
ciency, is not complicated. The mutation will
be expressed in seeds below the mutation rate;
therefore, it can be eliminated more easily. If the
mutation is negative even in the single cell level,
a more e$cient elimination is possible. Competi-
tion occurs even within the apical meristem itself
(Klekowski & Kazarinova-Fukshansky, 1984;
Otto & Orive, 1995; Otto & Hastings, 1998), and
the mutation can be eliminated with a negligible
cost to the branch or to the tree. This work will
concentrate on two of the possible evolutionary
levels*branch and tree.

WHAT IS BETWEEN A TREE AND A COLONY OF APHIDS?

Considering a tree as a clone necessarily raises
the question, what is the di!erence between such
a clone and the elaborately discussed (Eshel,
1972; Cohen & Eshel, 1976; Wilson, 1980; Fager-
strom, 1992, and references therein) clones of
aphids, daphnies, etc? Speci"cally, why is it im-
possible to apply a simple case of the founder
e!ect (with a founding group of size one) to trees?

One major di!erence stems from the fact that
the mitotically reproducing unit in a tree is not an
independent unit, but a module. The competing
branches share a common trunk and roots sys-
tem. Therefore, it is very hard to describe trees'
life cycle simply as a meristem}meristem cycle,
which can be adequate to describe the evolution
of many organisms that are clonal in a stronger
sense, such as buttercups, lemna, etc. (Fager-
strom, 1992). Con#icts may appear between the
branches and the roots or the trunk*for
example overutilization of resources by the
branches, costly parasite resistance, or over-
growth making the trunk more likely to collapse.
Such con#icts cannot appear in a system of inde-
pendent units reproducing sexually or asexually,
as is the classical clone.

Another di!erence is the tree being a structured
organism. In addition to the speci"c structure
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of each species, a single stem has a limited carry-
ing capacity. Thus, branches cannot reproduce
(asexually) inde"nitely, and geometric growth
seems highly unrealistic after the developmental
stage. As a result, the e!ect of somatic mutations
can be smaller (Michod, 1997), while competition
between the branches might be more severe. Cer-
tain trees (e.g. aspen) are also classical clones, in
the sense that the whole tree can reproduce asex-
ually, inde"nitely, to create new stems and roots
systems. In that case, the usual clonal con#ict
exists between the sexual and vegetative systems,
but within each tree similar vegetative units com-
pete over the right to produce the asexual de-
scendants. The relevant tissue (that can be
branches or roots, depending on the speci"c
mechanism of asexual reproduction) is still in
con#ict with the other vegetative tissues.

Last, comparing a tree and a colony of aphids,
there exists a di!erence in the colony founding
stage: a colony of aphids, even when established
by a single mother, begins with a considerable
number of fertilized eggs, di!ering gametically.
A tree starts as a seed, which is exactly one
zygote. Therefore, somatic mutations are the only
origin for variability within a tree. The choice
of founding stage (a parent founder with many
fertilized eggs or a descendant founder of one
cell, determining whether the colony is composed
of a single clone or more) may be in#uenced
by several factors. While beginning in a single
cell probably a!ords easier di!erentiation and
development, beginning with a group has the
important advantage of improved resistance to
parasites, due to higher variability. Technical
problems (fertilization, seeds spreading, etc.) may
also be considered.

The General Model

Consider a large population of long-living
trees of constant size. New trees germinate
exclusively in places emptied by the death of
old trees. Pollination and seed spreading occur
randomly. The age at death is an exponential
random variable, and the probability to die every
year, o, is equal for all tree types, independent
of the mutations discussed. Each tree grows veg-
etatively within a constant volume, having
n branches of equal size competing with each
other. For simplicity, n is assumed to be constant.
One or more branches die every year and are
replaced by others. Once a year the tree produces
seeds that compete with the rest of the seeds on
the patches emptied that year. For the sake of
simplicity, we assume that a young tree becomes
a full-size tree before the "rst reproduction sea-
son. That assumption ignores the stage of com-
petition within the tree during development
(Michod, 1997; Otto & Orive, 1995). In the con-
text of con#ict mutations of the sort discussed
here, a mutation occurring during the tree's
development may spread more e$ciently, and
thus a full-size tree growing from a non-mutant
seed is not limited to the options of zero or
one mutant branch considered here. This would
shift the results further toward the intra-
organism level.

Dynamics of gene frequencies in this forest are
considered in relation to a speci"c class of &&con-
#ict mutations'' i.e. mutations having di!erent
e!ects on di!erent evolutionary levels. Each
mutation has an advantage in the vegetative
level*the branch in which it occurs grows faster,
and a cost in the whole tree level. Since the
mutant branches grow faster, the mutation will
spread in the tree. At least, n#1 tree types are
therefore considered, di!ering in the number of
mutant branches per tree.

We shall assume that each branch has a single
genotype. This is an accurate description only for
plants having a single initial cell dominating each
meristem (as do most vascular cryptogams;
Klekowski et al., 1984), but not for most trees.
When each meristem is composed of a group of
mitotically active initials there are in fact many
branch types, di!ering in the frequency of mutant
cells in their meristems. A single mutant cell in
a multi-celled meristem has three possible fates: it
may become extinct, be "xed in a meristem, or
stay at frequencies between zero and one forever.
Restricting our attention to mutations having no
frequency-dependent e!ect at the cell level, the
last possibility seems highly unlikely. In all other
cases, a chimeric meristem "nally generates
homogenous meristems, by mechanisms of
stochastic subsampling or di!erential prolifer-
ation. As the number of founding initials in a new
meristem is not large, the time required for
"xation or extinction would usually not be long.
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Therefore, the dynamics of a tree with multi-
celled meristems should not be qualitatively dif-
ferent from those of a &&tree'' with single-celled
meristems (Fagerstrom et al., 1998), while the last
is much easier to analyse. We shall thus model
only the evolution of single-celled meristems, in
itself a model for the evolution of multi-celled
meristems. The parameter m, indicating mutation
rate, would represent the rate of appearance of
a homogenous mutant meristem. If, however,
even a branch with a partially mutant meristem
grows faster than one with a homogenous non-
mutant meristem, then "xation probability (in
a meristem) increases and these two rates would
not be too di!erent.

Di!erent sorts of costs can be considered in the
inter-organism level:

(1) The mutant branch (and a mutant tree ger-
minating from its seeds) has a lower amount of
#owers than the non-mutant branch. Any muta-
tion increasing the resource allocation to somatic
growth within the branch will have an e!ect of
that sort.

(2) The "tness of the whole tree (i.e. the
number of its seeds, its life span, or its size)
is a decreasing function of the relative frequency
of mutant branches. Each branch has the same
number of seeds. This is a classic egoistic muta-
tion, an example of which can be seen in the case
of overutilization of tree resources by the mutant
branch.

(3) The seeds of a mutant branch have a lower
chance to germinate. This may happen, for
example, if their root-to-leaves allocation ratio is
lower than the optimum.

In each of the cases the relative success of the
mutant, u (be it a seed, a branch, or a tree) is
a decreasing function of the improvement in the
branch's growth rate. As the results in the three
cases appear not to be qualitatively di!erent,
only the "rst case will be presented here.

If tree size is not constant, the e!ect of mutation
on the two levels is somewhat mixed. Mutations of
the "rst and third types might also enable the tree
to be larger, due to higher vegetative growth rate,
and thus have an extra inter-tree advantage. This
will enable the mutation to spread more easily, as
its overall inter-tree drawback is reduced. The
e!ect of variable tree size on an egoist mutation,
on the other hand, depends on the speci"c muta-
tion. Speci"c egoistic mutations result in reduced
amount of seeds, smaller size, or a combination of
these e!ects. In order to present the con#ict be-
tween the two evolutionary levels in a clear form,
we shall present mutations which are purely
negative at the inter-tree level and purely positive
at the intra-tree level, while tree size is kept con-
stant. In nature, many con#ict mutations prob-
ably have multiple (and sometimes contrasting)
e!ects, even at the very same level.

Had the vegetative advantage of the mutant
branch been very small, random processes would
have taken an important role, and a di!erent
model should have been considered. Restricting
our attention to the simpler case, the mutation is
assumed to grant its branch a notable vegetative
advantage.

The Haploid Case

In the simplest case, we consider a &&con#ict
mutation'' which has an advantage in the vegeta-
tive level*the branch in which it occurs grows
faster, and a cost in reproduction*the branch
has fewer #owers (case 1), or its seeds have a
lower chance to germinate (case 3). These cases are
identical in a haploid model. The results for an
&&egoistic branch'' (case 2) in the haploid model are
qualitatively similar, and will not be presented here.

Denote by P
i
the frequency of trees with i mutant

branches (out of n branches for the whole tree).
First, we consider the relatively simple case in

which a tree of type P
i
has a probability q

i
to

become a tree of type P
i~1

in the next year, and a
probability zero to become a tree of any other type
(i.e. the mutation spreading rate is limited to one
branch a year at the most). q

0
"m, the rate of

appearance of mutant meristems per tree per year.
Let u be the relative reproductive success of

the mutant, and y the frequency of mutants
among all seeds produced in the forest:

y"
u+n

k/0
kP

k
+n

k/0
[ukP

k
#(n!k)P

k
]

"

u+n
k/0

kP
k

n!(1!u)+n
k/0

kP
k
]
. (1)
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Note that a proportion o of all trees will be
replaced in the next generation. Of these, a pro-
portion y will be of mutant seeds, and thus of
n mutant branches. A proportion 1!y will be of
non-mutant seeds, having 0 mutant branches.
The rest of the trees, say 1!o of them, will be
old. Since old trees with k(n mutant branches
have a probability q

k
to become trees of k#1

mutant branches, we get the recursion

P@
0
"P

0
(1!o) (1!q

0
)#o (1!y),

P@
1
"P

1
(1!o) (1!q

1
)#P

0
q
0
(1!o),

F

P@
k
"P

k
(1!o) (1!q

k
)#P

k~1
q
k~1

(1!o),

F

P@
n
"P

n
(1!o)#P

n~1
q
n~1

(1!o)#oy. (2)

At equilibrium,

P
0
"

o
o#m(1!o)

(1!y),

F

P
k
"

q
k~1

(1!o)
o#q

k
(1!o)

P
k~1

,

F

P
n
"

q
n~1

(1!o)
o

P
n~1

#y when q
n
"0.

We get

P
k
"P

0

k
<
i/1

(1!o)q
i~1

o#(1!o)q
i

"(1!y)
o

o#m (1!o)
k

<
i/1

(1!o)q
i~1

o#(1!o)q
i

,

k"1,2, n!1,

and where q
n
"0

P
n
"(1!y)

o
o#m(1!o)

n
<
i/1

(1!o)q
i~1

o#(1!o)q
i

#y
The frequency of mutant branches at equilibrium
is thus

+n
k/0

kP
k

n
"M(1!y)#y, (3)

where

M"

o
n (o#m!mo)

n
+
k/1
Ck

k
<
i/1

q
i~1

(1!o)
o#q

i
!oq

i
D .

(4)

Using eqns (1) and (3), we get

y"
u[M(1!y)#y]

1!(1!u) [M(1!y)#y]
(5)

or

y2[M(1!u)!(1!u)]

#y[1!(1!u)M#uM!u]!uM"0.

Solving eqn (5) yields two possible "xed points

y"1 ("xation), and

y"
uM

(1!M) (1!u)
(polymorphism). (6)

At polymorphism

n
+
k/0

k
n

P
k
"M(1!y)#y

"MA1!
uM

(1!M) (1!u)B
#

uM
(1!M) (1!u)

"

M
1!u

.

This is equivalent to the classic mutation selec-
tion balance, with an ampli,ed mutation rate
M (as a result of vegetative competition), due to
which not only the frequency of mutants cannot
be neglected, but the mutation may even be "xed
in the population. M depends exclusively on



TWO EVOLUTIONARY LEVELS IN TREES 513
o and q
i
, and it can be easily shown that

oP1NMP0, while oP0NMP1.
We see that "xation is stable if and only if

u*1!M. (7)

Note, however, that the solutions of eqn (6)
characterize the one-dimensional parameter y of
a "xed point of the (n#1)-dimensional dynamics
(2) and (3). The stability of the "xed points deter-
mining the value of y is hard to analyse, and is
therefore checked by simulations. The relative
vegetative success of the mutant branch is de-
noted by 1#a, 0)a)1, and the relation be-
tween q

i
and a is assumed to be

q
i
"

i (1#a)
i(1#a)#1(n!i)

, i"1,2, n!1. (8)

The equations were run to equilibrium in the
computer for a wide range of parameters. As was
shown by these simulations, the polymorphic
equilibrium is always stable if it exists, and "xation
is stable if and only if no polymorphism exists.

Numeric results. Assume that u"1!ca, where
c is the cost ratio*the ratio between the repro-
ductive cost and the vegetative growth advantage
FIG. 1. Equilibrium values as a function of average tree ag
values are computed for n"0.0005, a"0.2m is taken to be 5]
a rather low estimate, see Witham & Slobodchiko!, 1981), 50
of the mutation. Equilibrium value is an increasing
function of average tree age (1/o), and a decreasing
function of cost ratio (c), as shown in Fig. 1.

Remark 1*A symmetric model. In our model, we
have considered, for simplicity, unidirectional
mutation. That simpli"cation is justi"ed by the
fact that backward mutation cannot spread in the
tree. On the contrary, it is gradually being elimi-
nated. Straightforward calculations indicate that
its e!ect on the results is negligible.

Remark 2*Higher spreading rates. In a more
general case, the mutation may spread more than
one branch a year*a tree of type j has a prob-
ability q

jl
to become a tree of type l ( j(1) in one

year. The recursion equations in this case become

P@
0
"P

0
(1!o) A1!

n
+
j/1

q
0jB#o (1!y),

F

P@
k
"P

k
(1!o) A1!

n
+

j/k~1

q
kjB#

k~1
+
i/0

P
i
q
ik
(1!o),

F

P@
n
"P

n
(1!o)#

n~1
+
j/0

P
j
q
in
#oy. (9)
e (1/o) and cost ratio (c), assuming u"1!ca. Equilibrium
10~4 considering a basic mutation rate of 10~6 (which seems
branches per tree and 10 mitotic divisions per year.
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In such a case, it can be shown (see the appendix)
that the frequency of mutant branches at equilib-
rium becomes

+n
k/0

kP
k

n
"M

1
(1!y)#y. (10)

M
1

being a constant calculated from the q
i
's. This

turns out to be equivalent to eqn (3), with a di!er-
ent estimation of the ampli"ed mutation rate.

In the following parts, we shall concentrate on
the simplest case of one branch per year at the
most.

The Diploid Case

In this part a single locus with genotypes AA,
Aa and aa is considered. A is the mutant allele of
a positive}negative mutation of the kind dis-
cussed in the "rst part. In the sexual case there is
a di!erence between the dynamics of two sorts of
mutations that are equal in the asexual case,
depending on the speci"c stage in the life cycle in
which the cost is paid. In case the seeds have
a smaller chance to germinate, the cost is paid
after segregation and fertilization, while if the
mutant branch has fewer #owers, the cost is paid
before segregation occurs. The second case is pre-
sented here.

Quite interestingly, the cases of complete and
incomplete dominance yield qualitatively di!er-
ent results. Hence, they are discussed separately.

COMPLETE DOMINANCE

New trees are assumed to be of genotype aa
(the wild type), Aa or AA. Assuming a relatively
low mutation rate each way, the e!ect of somati-
cally neutral mutations (from Aa to AA vice
versa) and somatically deleterious mutations
(from Aa to aa), is ignored. We consider, however,
the somatically advantageous mutation from aa
to Aa. Hence, as before, n!1 additional tree
types of k branches of genotype Aa and n!k
branches of genotype aa are considered.

We denote by P
0

the frequency of trees of
genotype aa (wild type), P

i
, i"1,2, n the fre-

quency of trees in which i of their branches are of
genotype Aa while the rest are of genotype aa, i.e.
trees in which the mutation is spreading, and
P
AA

the frequency of trees of genotype AA, which
have germinated from AA seeds. Let y

0
, y

1
and

y
2

be the frequencies of seeds of genotypes aa, Aa
and AA, respectively. The seed frequencies de-
pend directly on the frequency of the mutant
allele*y: y

0
"(1!y)2, y

1
"2y (1!y), and

y
2
"y2.
The recursion equations in this case, in anal-

ogy to eqn (2), can be written as

P@
0
"P

0
(1!o) (1!m)#oy

0
,

F

P@
k
"P

k
(1!o) (1!q

k
)#P

k~1
q
k~1

(1!o),

F

P@
n
"P

n
(1!o)#P

n~1
q
n~1

(1!o)#oy
1
,

P@
AA

"P
AA

(1!o)#oy
2
. (11)

Let u be the relative amount of #owers of the
mutant branch. Half of the gametes produced on
heterozygote branches are of type A, and the rest
of type a:

y@"
u+n

k/0
(k/n)P

k
#2uP

H
2u +n

k/0
(k/n)P

k
#2uP

H
#2+n

k/0
((n!k)/n)P

k

.

(12)

At equilibrium

+n
k/0

kP
k

n
"My
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Applying eqn (13) and +n
k/0

P
k
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"1 to eqn

(12), we get
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The equilibria are
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and
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2(1!M) (1!u)
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Not surprisingly, the polymorphic equilibrium
point is exactly half of its haploid equivalent
[eqn (6)].

It was shown by simulation that equilibrium is
stable whenever it exists, and "xation is stable in
all other cases. The condition for stability of
"xation of this dominant mutation is therefore:

u
2!u

*1!M. (16)

Comparing this result with its equivalent in the
haploid model (1.7) shows that the condition for
"xation of such a dominant mutation in a diploid
population is stronger than the condition for
"xation of an identical mutation in a haploid
population for any 0(u(1, and equal to it in
the cases u"1 and 0. In the "rst case, the muta-
tion is "xed in both populations for any vegeta-
tive advantage higher than zero, and in the sec-
ond it cannot be "xed in either of them.

PARTIAL DOMINANCE

In this part, the traits of the heterozygote (in-
cluding both the relative vegetative success and
the relative reproductive success) are assumed to
have intermediate values, between the traits of
the two homozygotes. The absolute advantage
and disadvantage of the mutation are assumed to
be related in the same way, i.e. w

i
"1!ca

i
, with

the same cost ratio c, for all allele combinations.
This assumption does not enable us to simplify

the model in the former manner, of only one
additional tree type. Since the mutant homo-
zygote branch has a vegetative advantage over
the heterozygote one, and since the heterozygote
is vegetatively superior to the wild-type
homozygote, there are three possible phases of
spreading within the tree. The Aa genotype
spreads within the aa tree, the AA spreads within
the Aa tree, and the AA may also spread within
the aa tree, if it had appeared before the aa was
completely eliminated by the Aa. In the previous
section, we have seen that, at least when a hap-
loid case is considered, the evolutionary e!ect of
that class of con#ict mutations becomes really
important only when o is small, whereas the
whole model is relevant only when a is not very
small. Namely, the e!ect is strong when the ex-
pected lifetime of the tree is long and the spread
of a new mutation is relatively fast. Restricting
our attention to such a situation, the relatively
small chance that a new mutation from Aa to AA
has occurred between the occurrence of the "rst
heterozygote mutation and its taking over of the
entire tree can be ignored. Instead, we assume
that the second mutation can occur only after
the "rst mutation has taken over the tree. There-
fore, we have only two spreading phases, and 2n
tree types.

Let R
i
be the frequency of trees such that i of

their branches are of genotype AA and the rest
are of genotype Aa, t

i
the probability of a tree of

type R
i
to become a tree of type R

i~1
in one year.

Denote by u
1
, u

2
the amount of #owers of Aa

and AA branches, respectively, relative to the
wild type aa.

The recursion equations in this case are
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representing the ampli"ed mutation rate of the
second mutation,
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eqn (18) becomes
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FIG. 2. Equilibrium solutions of mutant frequency as
a function of cost ratio, c, in a diploid model with partial
dominance. Taking a

1
"0.15 and a

2
"0.2, condition (23) is

ful"lled, and three di!erent equilibria exist. The lower poly-
morphic solution is always stable, while the intermediate is
always unstable. Fixation is stable when there are no other
solutions, or when three solutions exist within parameter
range. That is "xation is stable for any c smaller than c

1
, the

value of c for which the intermediate solution crosses one.
This corresponds to condition (21).
At equilibrium, this third-order polynomial
has three solutions, one of which is always one.
The other two solutions are not necessarily with-
in the parameter range. It has been shown by
simulations that when the other two solutions are
out of the parameter range, "xation is stable. If
there is only one polymorphic solution within the
parameter range, it has been shown that only the
polymorphism is stable. If there are three di!er-
ent solutions within the parameter range, both
"xation and the lower polymorphism are shown
to be stable, while the intermediate is not (Fig. 2).
Su$cient and necessary conditions for the exist-
ence of the di!erent solutions were found with the
aid of the Maple mathematical engine. Together
with the simulations, it results in the following
two conditions:
Fixation is stable if and only if

u
2

u
1

*(1!MI ). (21)

Whenever eqn (21) is not satis"ed, a single
polymorphic solution exists, and only the poly-
morphism is stable. In addition, the case of par-
tial dominance, unlike the former models, allows
the existence of three equilibrium points. Assume,
for example, eqn (18) and

t
i
"

G
m, i"0,

i (1#a
2
)

i(1#a
2
)#(1#a

1
) (n!i)

, i"1,2, n!1.

(22)

It is shown that a range of c for which there are
three equilibria exists if and only if

(a
2
!a

1
) (1!4MI 2#2MI #MI m

n
!D)(a

1
2MI D.

(23)
In this case, the two extremes are stable, while the
intermediate is not (Fig. 2). As a result, the "nal
equilibrium depends on the initiation conditions.
When eqn (23) is not met, i.e. when a single stable
equilibrium exists, the equilibrium frequency of the
mutants increases with average tree age, and de-
creases with c (Fig. 3), similar to the haploid case.



FIG. 3. Mutant frequency at equilibrium as a function of
tree age, in a diploid model with partial dominance, is shown
for three di!erent values of the cost ratio, c. The absolute
vegetative advantages of Aa and AA are a

1
"0.1 and

a
2
"0.2. Similar to the haploid case, equilibrium mutant

frequency is an increasing function of tree age, and a de-
creasing function of the cost ratio: ( ) 0.5; ( ) 1;
( ) 2.

FIG. 4. Equilibrium solutions of mutant frequencies as
a function of cost ratio c are shown for three cases: haploid
(circles), dominant diploid (squares), and partially dominant
diploid (triangles). Solutions are computed for an average
tree of 300 years. (a) a

1
"0.1, a

2
"0.2. A single stable

eq!uilibrium exists in each case. Mutant frequency is higher
in the partially dominant case than in the haploid case, and
in the haploid than in the dominant diploid. (b) a

1
"0.15,

a
2
"0.2. Two stable equilibria exist in the partially domi-

nant case. The partially dominant is found in the highest
frequency part of the time, but the value of the lower equilib-
rium point (which is more relevant) is very close to that of
the haploid, and is slightly exceeded by it for certain values
of c.
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The condition for stability of "xation of a par-
tially dominant mutation (21) depends only on
the second mutation, Aa to AA. It is equivalent to
condition (7) for the stability of "xation of an
identical mutation (from a, having the vegetative
success 1#a

1
and the reproductive success u

1
,

to A, having the vegetative success 1#a
2
and the

reproductive success u
2
), in the haploid model.

Quite interestingly, conditions for "xation
stability of the mutation are often weaker in the
case of partial dominance than in that of com-
plete dominance (see Fig. 4(a), (b)). Using eqns (7)
and (21) we see that when

a
1
'a

2

M!MI
M(1!MI )

, (24)

the conditions for "xation of a partially domi-
nant mutation in a diploid model are even
weaker than the parallel conditions in a haploid
model. Having assumed the transition probabilit-
ies q

i
and t

i
as de"ned in eqns (8) and (22), respec-

tively, and recalling the de"nitions (4) and (19) of
M and MI , respectively, it is easily shown that
condition (24) is satis"ed for a wide range of
parameters. Moreover, when "xation is imposs-
ible, the equilibrium value of the partially domi-
nant mutation is often higher than the asexual
case, in itself twice the dominant equilibrium
value (see Fig. 4). These results can be explained
by the improved spreading ability of the partially
dominant mutation, since the intermediate
phenotype creates a relatively convenient path-
way from a wild-type homozygote to a mutant
homozygote within the lifetime of the single or-
ganism, assuming that it is long enough.

Numeric results. All calculations were done
assuming that q

i
and t

i
are determined uniquely

by the vegetative advantages a, a
1
, a

2
and the
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number of branches in a tree, n, as suggested in
examples (8) and (22). Equilibrium values were
found for the case n"50, and m, the mutation
rate per tree per year, equals 0.0005.

Discussion

In this work, we studied the dynamics of so-
matic mutations granting the branch carrying
them a vegetative advantage, but reducing the
"tness of the whole tree due to a shift from the
optimal resource allocation. This shift may a!ect
the balance between growth and reproduction
within the branch, preferring vegetative growth,
or the balance between the di!erent tree tissues,
in favor of the mutant branches.

A relatively simple model is introduced here,
where each tree has an equal number of branches,
all of them of the same size and apical domi-
nance, going through somatic mutation, repro-
duction, and selection. The mutant branches
have a higher probability to replace other
branches, but less #owers. The "rst section dealt
with the simplest case of asexual reproduction,
and later sections studied the e!ect of sexual
reproduction in one locus and random fertiliza-
tion, with complete or incomplete dominance.

The dynamics of the somatic change at each
tree is given by the mutation rate m per tree
(which is usually low, and yet several orders of
magnitude higher than the mutation rate per
cell), and by a number of parameters describing
the vegetative advantage of the mutation at each
stage of its spreading. We have seen that the
combined e!ect of these factors on the genetic
dynamics of the population can be characterized
by a single parameter M (in the case of asexual
reproduction, or sexual reproduction with com-
plete dominance), or by two parameters, M and
MI , in the case of partial dominance. We have
shown that the genetic dynamics of the whole
population is equivalent to that determined by
selection powers between the individuals, in addi-
tion to a unidirectional mutation rate M from the
wild type to the mutant in the "rst case, or
M from the wild type to the heterozygote mutant,
and MI from the heterozygote mutant to the
homozygote mutant in the second. The last
quantity is an analog of the normal mutation
rate, di!ering from it in one consequential
manner*it is not negligibly small. As a result,
mutation}selection balance gains a new meaning.
It has been shown that a positive}negative muta-
tion of signi"cant e!ect may be found in a stable
polymorphism (which is not necessarily close to
zero), with no need of overdominance.

Moreover, a ,xation of a purely negative
mutation in the inter-organism level is possible
within the range of a reasonable mutation rate
per cell per year. Consequently, this simple two-
level one-locus system is not always adaptive.
Several tree characteristics, such as the amount of
#owers or the growth rate, are not necessarily the
result of an optimization process at the whole tree
level. The shift from optimum is expected to
be stronger as the organism grows bigger or has
a longer life span. The prediction that investment
in intra-tree functions should increase with age is
consistent with previous work on within-organ-
ism change (Michod, 1999).

An extreme kind of intra-organism evolution
can be expected in a substantial group of plants
(including for example most pine trees), in which
there is a strong control of the upper initial. The
main branch produces most of the gametes and
hormonally depresses the other branches. In
these cases, the e!ect of the somatic mutation will
be determined in a &&double or nothing'' manner.
If it grants its branch a signi"cant advantage it
will grow faster and conquer the tree, i.e. become
the main branch itself. If, on the other hand,
the mutation's advantage is not drastic enough,
the mutation would almost surely not be inherited.

As demonstrated in the third part, very simple
genetic situations (one locus, two alleles, partial
dominance) in single-level dynamics may have
unexpected results in a system of two evolution-
ary levels. Fixation of partially dominant muta-
tion can be easier than that of a completely
dominant one, and two stable equilibria may
be obtained by a partially dominant mutation.
It seems that single-level results cannot be
automatically generalized to two-level systems
without reexamination.

Biological Predictions

Due to the lack of experimental data, espe-
cially in relation to the parameter c (the ratio
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between the vegetative bene"t and the repro-
ductive cost) and to the actual genetic mech-
anism governing the relevant traits, it is
not yet possible to have accurate quantit-
ative predictions. Assuming that c is not
very large and that one locus is a reasonable
approximation, several general predictions
can be made.

VEGETATIVE INVESTMENTS

Resource allocation between di!erent vegeta-
tive tree parts in long-living trees is expected to
be shifted from its optimum, in favor of the
branches. This favoritism of the branches over,
for example, the roots, re#ects a fundamental
asymmetry within the tree. While the roots go
through somatic reproduction, mutation and se-
lection, in complete analogy to branches, the
-owers grow exclusively on the branches. As
a result, the relative part of the branches out of
the tree's biomass might increase with the aver-
age age of the tree species, while the "tness is
expected to decrease.

In addition to resource allocation, accumula-
tion of harmful mutations over generations is
more likely to occur in loci a!ecting exclusively
the roots and reproductive system than in loci
relevant for the branches. The reason for this is
that a considerable group of harmful mutations
in the branches, impairing vegetative growth,
is eliminated by somatic selection (Otto &
Hastings, 1998). Unlike the case of the roots,
this somatic selection is expressed in terms of
gene frequencies in future generations. Thus, the
branches' genetic load is expected to be smaller
than both the reproductive load and the non-
branch vegetative load. Quite paradoxically,
while harmful somatic mutations concerning the
roots are expected to accumulate in the branches
(and therefore in the seeds) as the tree
grows older, they are expected to be eliminated
by somatic selection in the roots themselves
at the same time. The roots of the tree (and
the roots of a young tree grown directly
from the roots) are expected, for example, to be
more resistant to root parasites than the roots of
a young tree germinating from the seeds. The
di!erence is expected to increase with average
tree age.
REPRODUCTIVE EFFORT

A smaller reproductive e!ort is expected to be
found in long-living trees, compared to their
short-living relatives. Optimal allocation of en-
ergy between reproduction and growth has often
been discussed (King & Roughgarden, 1982;
Kozlowsky & Wiegert, 1986; Cohen & Dukas,
1990), but the actual values may be shifted from
optimum to prefer vegetative growth in long-
living trees. The amount of #owers and especially
fruits in long-living trees is expected to be con-
siderably smaller than that of short-living trees.
However, it might be di$cult to isolate that e!ect
from the former, as one of the common indica-
tions of a decrease in "tness is a reduced amount
of seeds.

A certain supporting evidence can already be
found in the fact that long-lived species tend to
have a smaller number of seeds per mass unit,
and lower seed/ovule and fruit/#ower ratios
(Charlesworth, 1989; Wiens, 1984; Sutherland,
1986). Yet, this relatively genenal phenomenon
can be explained in several di!erent ways, includ-
ing resource allocation for the following years,
uncertainty of pollination and genetic load due to
mutation accumulation (Klekowsky & Godfrey,
1989).

INTRA-POPULATION VARIANCE

A di!erence might be found between young
and old trees in the same population, in relation
to the con#ict mutations discussed. In the case of
polymorphism, older trees are expected to be
more strongly shifted from the optimum (better
represented by trees of short life span). That is,
had optimal resource allocation been indepen-
dent of age, both reproductive e!ort and the
relative investment in vegetative non-branch tis-
sues (roots, stem, etc.) would have been expected
to decrease with age. The "rst is opposite to the
result of several life-history models (Cohen, 1971;
Kozlowski & Uchmanski, 1987; Ro!, 1992, and
references therein), based on optimization of or-
ganism "tness at the inter-organism level only,
predicting an increase in reproductive e!ort with
age. The overall e!ect of age on reproductive
investment is probably determined by both inter-
organism optimization and intra-organism dy-
namics, so that the qualitative result depends on
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the speci"c quantities, and thus is hard to predict,
given our scarce knowledge of parameter values.
The e!ect is not necessarily similar, even in its
direction, for di!erent tree species. However,
while experimental evidence showing a decline in
reproductive investment with age clearly sup-
ports our model, the opposite result (no signi"-
cant di!erence or even an increase with age) does
not falsify it, as the reproductive e!ort can still be
below the single-level optimum.

It should be noted that polymorphism is not
the only possible outcome. The parameter c be-
ing small enough, and life span long enough,
a con#ict mutation may be ,xed in the popula-
tion. Variance within the population will not be
found in relation to that mutation.

I am greatly indebted to Ilan Eshel for his help and
encouragement throughout the entire work.
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APPENDIX

Let us de"ne

Q
k
"

n
+

i/k~1

q
ki
, k"0,2, n!1,

Q
n
"0.

By recursion

A (0)"
o

o#Q
0
!oQ

0

,

A(k)"
k~1
+
i/0

q
ik
A(i)

o#Q
k
!oQ

k

.



TWO EVOLUTIONARY LEVELS IN TREES 521
The equilibrium is simpli"ed:
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the frequency of mutant branches at equilibrium
becomes
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This is eqn (3) again, with di!erent coe$cients.
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