5min, and four sperm counts were performed using a haemocytometer. The average of the
four sperm counts was used to estimate the total number of sperm ejaculated by the male
(or sperm investment).

Mouse bedding context

Ten male and ten female meadow voles were used in the second part of the study. The ten
males were not used as focal or donor males in the first part of the study. Procedures were
similar to both the control and RSC contexts, except for the use of 20 g of soiled bedding
taken from the cage of a sexually active mouse. Donor mice were individually caged. A
different mouse donor was used in each trial.
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Theory predicts the uneven
distribution of genetic

diversity within species
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Global efforts to conserve species have been strongly influenced
by the heterogeneous distribution of species diversity across the
Earth. This is manifest in conservation efforts focused on
diversity hotspots'. The conservation of genetic diversity within
an individual species*’ is an important factor in its survival in the
face of environmental changes and disease®’. Here we show that
diversity within species is also distributed unevenly. Using simple
genealogical models, we show that genetic distinctiveness has a
scale-free power law distribution. This property implies that a
disproportionate fraction of the diversity is concentrated in small
sub-populations, even when the population is well-mixed. Small
groups are of such importance to overall population diversity
that even without extrinsic perturbations, there are large fluctu-
ations in diversity owing to extinctions of these small groups. We
also show that diversity can be geographically non-uniform—
potentially including sharp boundaries between distantly related
organisms—without extrinsic causes such as barriers to gene flow
or past migration events. We obtained these results by studying
the fundamental scaling properties of genealogical trees. Our
theoretical results agree with field data from global samples of
Pseudomonas bacteria. Contrary to previous studies®, our results
imply that diversity loss owing to severe extinction events is high,
and focusing conservation efforts on highly distinctive groups
can save much of the diversity.

Our approach is to use simulations and analytic studies of the
genealogical tree of a population, a method known as coalescent
theory®™'2. We test the robustness of our results in part by varying
the model details but primarily by obtaining analytic results (see
Box 1). For studies of well-mixed populations, we use the Wright—
Fisher model>'*: each organism is the offspring of a randomly
chosen parent of the previous generation. For spatial populations
(Fig. 1), the parent of an organism is either the previous organism at
that site, or one of the neighbours on a square lattice with equal
probability for all possible parents. Each of the parent—child links is
an opportunity for genetic mutation. Thus, the expected genetic
distance between two individuals is proportional to the time to their
common ancestor (their relatedness), and the expected total diver-
sity is proportional to the number of links traced back from the
current population to the common ancestor. (If the rate of mutation
is sufficiently high that multiple mutations can occur at a single
locus within a genealogical tree, a correction is necessary: the total
diversity is D(B) = (u/pr) (1 — exp(—prB)), where B is the total
branch length, p is the per-genome mutation rate and p; is the
probability of a particular mutation at a particular locus.) The total
diversity has been characterized for well-mixed populations'. Here
we study the way that the diversity is distributed within
populations.

We first consider the genetic uniqueness of an individual or
group; that is, the degree to which an individual or group is
distinctive from all other individuals in the population, for example,
the minimal time to an ancestor common with any other individual.
The average of this quantity for well-mixed populations has been
calculated'*'®, but its distribution has not been studied. As can be
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seen from the genealogy, some of the genetic diversity in the
population is found only in particular individuals; other diversity
is common to smaller or larger groups that share a common
ancestor. We find that uniqueness of individuals has a scale-free
(power law) distribution (Fig. 2a). This property is highly robust
and is valid for both well-mixed and spatial populations (exponents
—2.93 and —2.85 (dashed line), respectively); however, spatial
populations contain more highly distinctive individuals and groups,
as the tail of the distribution extends farther.

This distribution also applies to the uniqueness of groups
composed of genetically related individuals (see Box 1). Sexual
reproduction increases the likelihood of moderate values of unique-
ness in relation to high values. However, the power law tail remains,
so that highly distinctive individuals exist even in a sexually
reproducing population (Fig. 2b). The distribution for well-mixed
sexual populations is similar to that of spatial sexual populations,
although the shorter tail enhances the effect of averaging. Incor-
poration of spatially uniform selection into the model has little
effect unless there are mutations that are advantageous enough to
sweep the population in a short time (periodic selection or genetic
hitch-hiking). This results in a cutoff of the most ancient part of the
tree at the time of the most recent strongly advantageous mutation,
thus cutting off the tail of the uniqueness distribution. Otherwise,
spatially uniform fitness differences have minimal impact. Selection
that varies in space (or multiple local niches) would increase the tail
of the uniqueness distribution by providing more highly unique
individuals associated with long genealogies in different regions.
The power law distribution of diversity suggests that much of the
genetic diversity is found in a small portion of the population.

We compared these results with genetic data obtained pre-
viously'” on field samples of Pseudomonas bacteria. From the
dendrogram of 250 samples, taken from different locations around
the world, we obtained the distribution of uniqueness of the

Box 1
Analytic result

The distribution of genetic uniqueness, and hence also of fluctuations in
the total branch length of the genealogy, can be understood as follows.
The probability P(U > u) that an individual has uniqueness greater
than u is the probability that its lineage, traced backwards, never
exists on a site that has another lineage for all time T =< u. In the well-
mixed model, the probability that no other lineage jumps to a
particular site is (N — 1)/NPN = exp(—p(T)), where p(T) is the
fraction of individuals living at time T in the past that have
descendants in the present. p(T) is approximately &, with a measured
from simulations of p(7) to be 1.95, and expected analytically to be 2
for the well-mixed case'. This gives:

PU> W) =TTt exp(~§) = exp(-ashe )

~ exp(—alog(bu)) ~u=2

Thus the exponent depends on the coefficient a of p(T). The
probability density is P(u) = —dP(U > u)/du, giving
Py ~u=1 ~ 2%

consistent with both the well-mixed and spatial simulations of P(u).

The scale-free distribution of uniqueness also applies to subgroups
defined by a given level of relatedness T,. For each individual, define
the subgroup it belongs to by the identity of its ancestor T4
generations ago. We define the uniqueness u of the group to be the
uniqueness of the ancestor. The genealogical tree of the ancestors of
these groups have the same properties as that of the present
population of individuals, only starting with a lower value of p(T). Thus,
their uniqueness follows the same power law distribution. For the
same reason, the distribution is not affected by the level of resolution
in genetic distances (the smallest measurable difference).

450

©2004 Nature Publishing Group

samples, as described in the Supplementary Information, and
shown as circles in Fig. 3. The results are long-tailed and can be
fitted by a power law distribution. To compare more precisely the
genetic data with our theoretical calculations, however, we must
include the effect of sampling. Sampling makes the distribution
longer-tailed, corresponding to a greater proportion of individuals
that are more unique with respect to the sampled population. We
directly simulated the ancestral tree of the samples, initializing the
simulation by representing organisms at the specific geographical
locations where the Pseudomonas samples were obtained. The result
is shown as a dashed line in Fig. 3. At each step of the simulation,
moving backwards in time, a lineage performs a random walk on a
50 X 25 lattice, staying in place or moving to a neighbouring site. At
its destination, with a certain probability, p,, it coalesces with other
lineages at that site. Details are given in the Supplementary
Information. p., the number of simulation time steps N corre-
sponding to one unit T, of biological time, and the lattice size are
adjustable parameters. The parameters were set by a simple fitting
procedure that adjusts the intercepts of U(T) at the Uand Taxes and
accounts for the small effect of sampling on the low-T values of the
curve.

The distribution of uniqueness in well-mixed and spatial popu-
lations leads to significant temporal variation. It has been noted that
the time to the common ancestor can have intermittent large
jumps'®. Here we study the size distribution of fluctuations in
diversity and its relationship to the uniqueness distribution. In
Fig. 2c we show the diversity, measured by the total branch length of
the genealogical tree, over time. The fluctuations are large: diversity
grows gradually owing to the accumulation of mutations, but often
decreases markedly in a single generation; in the figure, diversity
decreases in one generation by up to about two-thirds of the total.
The sudden decreases are due to the extinction of lines of descent
that have accumulated many unique mutations. The distribution of
the losses of diversity (Fig. 2a) has a power law tail with the same
exponent as the uniqueness distribution, consistent with the loss of
uniqueness of randomly chosen individuals. The flattening of the
distribution for small losses reflects averaging due to the loss of
multiple lines of descent in a particular generation. Other diversity
measures such as nucleotide diversity'® show similarly large
fluctuations.

Time

Present

Figure 1 Section of a genealogical tree for a one-dimensional population (part of a much
larger tree). Time proceeds down the page, with each horizontal row representing a (non-
overlapping) generation and offspring connected to their parent by a line. The tree of the
currently living individuals is shown as solid lines; the ancestry of those that have no
descendants in the present, and thus do not contribute to diversity, is shown as dashed
lines. At the arrow, a lineage goes extinct, causing the loss of accumulated differences on
the line of descent from A, the most recent ancestor with descendants in the present.
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We can also characterize how diversity is distributed spatially. In
Fig. 1, it can be seen that organisms are often closely related to their
neighbours in a spatial population, but that neighbours can also be
quite distantly related. Previous work has only considered one-
dimensional populations®. Using a simulation in two dimensions,
Fig. 2d shows that there are specific patch-like areas, which
represent groups separated by a large genealogical distance from
the rest of the population. The shaded areas are separated by 10,000
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Figure 2 Distribution of diversity and its fluctuation. a, Distribution Av) of genetic
uniqueness of individuals, and of losses of diversity in a single generation in well-mixed
(small symbols) and spatial populations (larger symbols). Horizontal axis represents
uniqueness in generation of divergence. b, Distribution of uniqueness in a spatial sexual
population for different numbers of independently inherited segments of the genome
g=1,5, 20 and 100. The total genome size is fixed. Linkage would reduce the
difference from the g = 1 case. ¢, Time series of the diversity of a spatial population. Inset
shows a similar well-mixed case. d, Simulated pattern of the most divergent groups (grey
and black, see text) in a spatial habitat (lattice size / = 50). The four panels on the right
show the most divergent group in the later evolution of the same population (black), at
intervals of 2,000 generations.
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generations from the rest of the population; the grey areas are
separated from the black ones by 2,000 generations. Continued
simulation shows that specific boundaries move and disappear, but
distinctive features exist at any particular time. In this simulation,
dispersal of offspring is limited to neighbouring sites. If offspring
disperse farther away but still near to their parents, types become
interspersed locally and the patches do not have sharp boundaries.
Still, as long as the dispersal distance is small compared with the size
of the habitat, there remains a spatial patchy structure of genealo-
gically well-separated types. If recombination occurs, there are still
such patterns but they are distinct for each independently inherited
part of the genome.

Explanations for the occurrences of divergent populations in
particular spatial areas, and boundaries between types, are often
sought in habitat variation, barriers that prevent organism motion
or in a past migration event*'>*. The model shows that divergent
patches can arise from the internal structure of the genealogical tree.
Divergent populations are not necessarily confined to a single area;
alleles can be geographically widespread in a population even if it is
not well-mixed. Thus the spatial patterns of genetic variation in
homogeneous habitats must be considered before making infer-
ences about the properties and history of a population. Regarding
global microbial populations in particular, the model suggesting
that these populations are unaffected by geographic barriers or
limited dispersal, and vary spatially only due to selection®, has been
challenged by recent work'”**. Here we consider this question only
for a specific bacterial species; for others our work does not exclude
the cosmopolitan limit of globally mixed populations through
which only selection produces local variation. However, our work
implies that observations that seem to suggest a globally mixed
population, or that variation arises from selection acting on types
with otherwise cosmopolitan distributions, must be considered
in light of the intrinsic diversity distribution of genealogies. More-
over, even if global dispersal dominates on longer timescales and
eliminates biogeographic variation observable in studies with
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Figure 3 Comparison of theoretical values of uniqueness with data from field populations.
Circles represent UT/T ), the number of samples with a uniqueness of 7/T, for a
sampled Pseudomonas population. The dashed line is an average over 1,000 spatial
simulations. We normalize T by dividing by T o, the time to the smallest genetic difference
considered. Sampling causes a shallower slope than for the whole population (Fig. 2), and
this slope is matched by the simulation. In the simulation, T4 corresponds to 160 time
steps, the lattice size is 50 X 25, and the coalescence probability, p , is 0.15. Details are
given in the Supplementary Information.
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coarse genetic resolution, the finer-scale differences now becoming
observable by genetic fingerprinting are more likely to display
biogeography. Extrinsic factors, such as local selection or habitat
boundaries, can be distinguished from intrinsic genealogical diver-
sity. For sexually reproducing populations, for extrinsically imposed
diversity, spatial boundaries of independently inherited parts of the
genome would tend to coincide, whereas for intrinsic genealogical
diversity they would tend to be different. For microbial populations,
where non-systematic recombination cannot provide the same
information, short generation times may allow space—time
sampling to study the biogeographical dynamics.

Although the model used here is simple, our analysis shows that
the results are robust, and independent of the level of genetic
resolution. In summary, our results show that genetic diversity is
very unevenly distributed. A small fraction of a population is
responsible for a disproportionate fraction of the diversity. Diversity
has its own internal dynamics distinct from external influences such
as habitat change and species interactions. Increases happen only
gradually, but large decreases may occur without an extrinsic
perturbation.

It was recently suggested®, on the basis of the analysis of model
phylogenetic trees (similar to our genealogical trees), that extinction
of 95% of species would leave 80% of the tree of life (total diversity)
retained, and that as a result ecological planning to preserve
diversity is not constructive. These results arise because random
losses, even when high, are unlikely to remove all individuals
belonging to a deep branch of the tree even when it forms a small
proportion of the population, thus preserving most of the diversity.
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Figure 4 Diversity retained after an extinction episode in a well-mixed population. a, The
average diversity (total branch length B) remaining after the population is reduced from
500 to the value Ng,yeq (horizontal axis). Circles show the values immediately after the
extinction and squares the value subsequently reached. The arrow indicates the diversity
lost after the initial extinction for a loss of 80% of the population. b, D(K), the number of
mutations carried by exactly kindividuals (multiplicity or redundancy). The area under this
curve is the total diversity. D(K) is shown just after the extinction event (upper curve), and in
the long term.
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In contrast, our studies suggest that conservation planning is
important and can enable substantial improvement of diversity
preservation. We note that for spatial populations, the loss of some
of the habitat leads to a greater probability of eliminating all
members of a divergent group because members of divergent
groups are spatially clustered, therefore potentially leading to a
much greater loss of diversity. Even for well-mixed populations,
however, the small immediate loss (Fig. 4a; circles, similar to Fig. 2b
of ref. 8) is followed by a much greater loss over time (Fig. 4a;
squares) owing to the vulnerability of residual divergent groups to
extinction. Simulations show that most of the subsequent loss
occurs within 20 generations. The vulnerability of residual small
groups of related organisms can be seen from a plot revealing the
multiplicity (redundancy?®), k, of mutations (Fig. 4b). For the case
shown, almost 25% of the total diversity just after the extinction is
found in only one or two individuals, and most of the diversity lost
is found in less than ten individuals. This shows that ensuring the
reproduction of rare types by conservation planning™**** during or
even just after an extinction episode can markedly improve diversity
retention. O
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