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Summary

Group selection has historically been an important and controversial subject in evolutionary
biology. There is now a compelling body of evidence, both theoretical and experimental, that
group selection not only can be effective, but can be effective in situations when individual
selection is not. However, experiments in which true population-level traits have been shown to
evolve in response to group selection are currently limited to two species of flour beetle in the
genus Tribolium and RNA viruses. Here we report the results of an experiment wherein we
imposed group selection via differential extinction for increased and decreased population size at
6-week intervals, a true population-level trait, in the poeciliid fish Heterandria formosa. In contrast
to most other group selection experiments, we observed no evolutionary response after six rounds
of group selection in either the up- or down-selected lines. Populational heritability for population
size was low, if not actually negative. Our results suggest that group selection via differential
extinction may be effective only if population sizes are very small and/or migration rates are low.

1. Introduction

Group selection, whereby fitness is a function of
group membership as well as of individual attributes,
has been an important and controversial topic in
evolutionary biology since Darwin’s time (1859; also
e.g. Wright, 1931, 1945; Maynard Smith, 1964 ; Wade,
1978; Wilson, 1983; Goodnight & Stevens, 1997).
Group selection can operate in one or both of two
ways: differential probability of sending out migrants
and/or founding new colonies, or differential prob-
ability of extinction. The former is the mechanism by
which Wright (1931, 1977) envisioned the shifting
balance process of evolution operating (his ‘Phase
III") and has received substantial theoretical attention
from population geneticists in recent years (Crow et
al., 1990; Phillips, 1993; Moore & Tonsor, 1994;
Coyne et al. 1997). The latter has received less
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attention from theoretical population geneticists, but
has figured prominently in macroevolutionary think-
ing (Stanley, 1975; Gould, 1980; Eldredge, 1995).
The aspect of group selection that has caused
controversy is the possibility that genotypes that have
low fitness within a group can confer some property
on the group as a whole that increases the probability
that the group will survive and/or send out colonists.
The theoretical possibility of such a situation has been
convincingly demonstrated mathematically (Wright,
1945; reviewed in Wilson, 1983). The situation is best
illustrated by a classic example from evolutionary
epidemiology: the fitness of a pathogen depends both
on its local fitness within its host and on its global
fitness, i.e. the probability that the host conveys the
pathogen to another host. A mutant pathogen
genotype that reproduces much faster than the ‘wild-
type’ genotype will have higher local fitness and will
increase in frequency within the host. However, if its
increased reproduction causes the host to die before
transmitting the pathogen to another host, the mutant
genotype will become extinct. In this case group
selection among populations of pathogens opposes
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individual selection within populations, and the
phenotypic optimum will be different from that
favoured solely by individual selection (e.g. Miralles et
al., 1997).

An important property of evolution via group
selection is that, unlike evolution due to individual
selection, non-additive genetic variation due to domi-
nance and epistasis can contribute to the response to
selection (Goodnight, 1987). Perhaps more import-
antly, genetically based behavioural and/or ecological
interactions between individuals can also contribute
to the response to group selection (Griffing, 1977,
Goodnight, 1991; Goodnight & Stevens, 1997). Such
interactions have been implicated in several exper-
imental studies in which traits that did not respond to
individual selection did respond to group selection
(Goodnight, 1985; Craig & Muir, 1996; Muir 1996).

In spite of its theoretical importance, the evolution
of population-level traits (census size, intrinsic rate of
increase and/or carrying capacity) via group selection
has to our knowledge been investigated only in two
species of flour beetle in the genus Tribolium, in the
classic work of Wade and his colleagues (reviewed in
Goodnight & Stevens, 1997) and in RNA viruses
(Miralles et al., 1997). The evolution of population
size in Tribolium has been shown to be mediated by
larval egg cannibalism, a genetically based behavioural
interaction (Wade, 1979; McCauley & Wade, 1980).
Here we report results from an experiment in which
we imposed a group selection for population size
(high and low) on laboratory populations of the
poeciliid fish Heterandria formosa; we have previously
documented genetically based variation in population-
level demographic traits in experimental populations
of this species (Leips et al. in press).

This study constitutes part of a larger research
programme designed to infer the underlying genetic
connections, if any, between life-history traits, thermal
stress tolerance and demography in this species.
Briefly, we hypothesized that genetically based trade-
offs between thermal stress tolerance and certain life-
history traits (fecundity, time to maturation) could
result in differences in population-level traits (intrinsic
rate of increase and/or carrying capacity) that could
in turn affect group fitness, as discussed above.
Populations of H. formosa vary from one another in
many traits, including thermal stress tolerance
(Forster-Blouin, 1989; Baer & Travis, 2000), body
size and life-history traits (Leips & Travis, 1999; H.
Rodd, unpublished data), and population demo-
graphic parameters (Leips et al., in press). Because the
natural history of the species is such that periodic
thermal stress is of likely ecological relevance, such
connections could influence the evolution of the
species’ range, our ultimate question of interest.
Because of the nature of the results of this experiment,
we do not report on individual phenotypic traits (life-
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history traits and thermal stress tolerances) in this
paper; we mention them simply to establish the
broader context in which this study was conceived.

2. Materials and methods
(1) Natural history of Heterandria formosa

Heterandria formosa (Pisces: Poeciliidae) is a small
(12-30 mm), prolific livebearing fish, common
throughout the coastal plain of the southeastern
United States, ranging from the western Mississippi
river drainage in central Louisiana, throughout the
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Fig. 1. Diagram of the selection protocol. Step 1: Collect
~ 1000 fish from each source population (FL in this
example). Step 2: Divide collection into 15 (14 for SC)
replicates. Step 3: Select the five replicates with the lowest
census size to represent the Low treatment group (select
the four replicates with the largest census sizes for the
High treatment group). Step 4: Pool all fish collected in
step 3 and divide them into two independently evolving
lines (FL1 and FL2 in this example). Step 5: Divide each
line into four replicate tanks (FL1.1,... FL1.4 in this
example). Step 6: After six weeks, census the four
replicates. Keep the fish from the two replicates with the
smallest (largest in High) census sizes (FL1.2 and FL1.4
in this example). Step 7: Divide the fish collected in step
6 into four replicate lines. Step 8: Go to step 6. Repeat
six times.
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Table 1. ANOV A table for census size at termination of selection

Effect SS d.f. Mean square F-ratio P
Source population 0-007 1 0-007 0-303 0-587
Treatment 0-031 1 0-031 0-392 > 05
Source x Treatment 0-001 1 0-001 0-013 > 09
Line(Source) 0-087 2 0-044 1-866 0-176
Tr x Line(Source) 0-158 2 0-079 3:377 0-051
Error 0-560 24 0-023

Dependent variables are residuals of the regression of log(census size) on day of
census. See Section 2 for details. Treatment and Source x Treatment effects are

tested over the Tr x Line(Source) mean square.

Florida peninsula, and north to the Cape Fear River,
NC (Martin, 1980). It occurs almost exclusively in
slow-moving, heavily vegetated waters and is often
found in the very shallowest water present.

On the Florida peninsula, reproduction typically
begins in March and continues through October,
resulting in two to four generations per year. Females
carry several clutches of embryos at different stages of
development and give birth to small broods (1-8
offspring) at intervals of a few days to 2 weeks.
Gestation time is approximately 5 weeks; females
mature at approximately 5 weeks and males at 6-7
weeks (Leips, 1997). Demographic generation time in
experimental populations is approximately 5 weeks.
(J. Leips, personal communication).

The family Poeciliidae is neotropical; only a few
representative species of three genera occur north of
the Rio Grandé; one species (Gambusia holbrooki) is
found as far north as New Jersey. Heterandria formosa
is the only North American representative of its
genus; all congeners occur from the Yucatan peninsula
southward into Central America (Parenti & Rauchen-
berger, 1989).

(i) Selection protocol

The selection protocol is outlined schematically in
Fig. 1. In November and December 1994 we collected
approximately 1000 adult individuals from two source
populations: the Peace River, DeSoto County, FL
(henceforth FL) and from the Savannah River, Jasper
County, SC (henceforth SC). These populations were
chosen to represent both the heart of the species’
range on the Florida peninsula and the northern
margin of its range. Populations north of the St Johns
River drainage in northeastern Florida are genetically
distinguishable from populations to the south and
west, and are likely to be more recent in origin (Baer,
1998 ; C.F.B., unpublished data).

In March 1995 15 replicate tanks from FL and 14
from SC were established in 120 litre aquaria in a
climate-buffered greenhouse. Each replicate tank was
begun with 15 males and 15 females; females store
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sperm over the winter, so the effective population size
was probably larger than the census size. These tanks
were censused in early May 1995. The four tanks from
each population with the largest number of individuals
were selected to be the parental stock for the High
lines; the five tanks with the fewest fish were selected
as parental stock for the Low lines. Two replicate lines
from each source population of each treatment were
established, for a total of eight independently evolving
lines of four tanks per line (designated by the one-
letter initials for Source/Treatment/Line, e.g.
FH1,...,SL2). There are thus two levels of
replication: tanks within line and lines within source
population. Tanks were censused at 6 week intervals
throughout the 1995 and 1996 breeding seasons for a
total of six rounds of selection (= ‘generation’); fish
from the two tanks with the most individuals (adults
and juveniles) for the high lines and the fewest
individuals for the low lines were randomly distributed
into the four tanks of a line to propagate the next
generation. This selection protocol constitutes ‘mi-
grant pool’ rather than ‘propagule pool’ (both terms
sensu Slatkin, 1977; Wade, 1978) selection. Although
the response to propagule pool group selection is
expected to be stronger than to migrant pool selection
(Wade, 1978), inbreeding is greater with a propagule

Table 2. Mean census size at termination of selection

Line N Residual

FH1 14375 (6:933)
FH2 17325 (10934)
FL1 13075 (9-595)
FL2 15975 (11:982)
SHI  179:50 (12:606)
SH2  142:00 (15-149)
SL1 12275 (10-371)
SL2 15975 (9:707)

— 0078 (0:047)
0-199 (0-065)
—0022 (0:071)
—0:009 (0-075)
0-078 (0-070)
—0:044 (0-114)
—0-120 (0-087)
0:056 (0-064)

‘N’ is the actual census size, ‘ Residual’ is the residual of the
regression of log(census size) on day of census. SEM is given
in parentheses.
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Fig. 2. For legend see facing page.

pool. Because the conceptual motivation for this  wanted to minimize inbreeding, accordingly, we chose
experiment concerns adaptive evolution and because a to use migrant pool selection.

response due to inbreeding depression is arguably not Census sizes were established at the beginning of
an adaptive response (but see Lynch et al., 1999), we each generation by the number of individuals of a
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Fig. 2. Line mean census sizes at each generation. Squares represent High lines, circles represent Low lines. (¢) FL lines,

raw data. (b) SC lines, raw data. (¢) FL lines, data normalized

by source population generation mean (see Section 2 for

details of normalization procedure). (d) SC lines, normalized data.

class (‘class’ = male, female, juvenile) present in the
line with the fewest individuals of that class. For
example, if the two replicates used to seed the next
generation contained 8 and 10 males, respectively,
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each replicate got 4 males in the next generation; each
tank was seeded with the same number of males,
females and juveniles. Harmonic mean beginning
census sizes over the six generations were approx-
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imately 9 males, 12 females and 23 juveniles. Because
individuals could potentially contribute genetically to
more than one round of selection, generations were
overlapping. Tank positions were systematically ro-
tated at each round of selection to minimize the effects
of environmental heterogeneity.

(iii) Data analysis

The most straightforward analysis of data from a
selection experiment is to examine the line means in
the ultimate generation of selection; a statistically
significant treatment effect (either as a main effect or
an interaction) is indicative of a response to selection.
The experiment was designed as a nested, split-plot
mixed model ANOVA, with treatment (High/Low)
and source population (FL/SC) as fixed effects and
line nested within source population (plot) as a
random effect.

There was a complicating effect of day of census on
census size. It took an average of 8 days to census all
32 tanks, and the four replicate tanks of a line had to
be censused consecutively in order to accurately assess
which tanks had the largest/smallest census sizes;
effects of day of census were therefore not independent
of line effects within a generation. When averaged
over all generations, the overall effect was a slight, but
highly significant, positive relationship between day of
census and census size (y = 0-031x+4-857, I |5, =
10-06, P < 0-002). We therefore analysed residuals of
the regression of census size on day of census rather
than raw data.

Our experimental design can be considered as
analogous to truncation selection in an individual
selection experiment with a selection intensity of 0-5;
in our case we imposed a 50% extinction rate.
However, the selection in our design is not centred
around the mean census size of the four tanks, but
rather the median. It is possible to calculate a weighted
selection differential, S, defined here as [(z,/z,) z,+
(z;/z,)z,]—Z, where i and j represent the two
surviving replicates, z, is the mean census size of the
two surviving replicates and z is the mean census size
of the four replicates in a line. The response to
selection, R, is then determined by the equation R =
h,* S, where R is the change in mean census size across
generations and 4,” is a measure of group heritability
(sensu Wade & McCauley, 1980; Slatkin, 1981). The
realized group heritability can be determined by the
regression of generation means, R, on the cumulative
selection differential, S, ,, (Falconer, 1989, chapter
11). Note that weighting the selection differential by
the contribution of each replicate to the next gen-
eration has the effect of increasing the selection
differential in the High treatment and reducing the
selection differential in the Low treatment relative to
the unweighted selection differentials. Individual
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selection thus reinforces group selection in up-selected
lines and opposes group selection in down-selected
lines.

In calculating the realized group heritability, there
are two complicating factors that need to be con-
sidered. Mean census sizes averaged over all replicates
varied from generation to generation and, in some
cases, between source population (see Fig. 2). To
standardize data among generations and source
populations, we transformed raw data to deviations
from the source population mean, expressed as a
fraction of the source population mean in that
generation. The normalized deviation is x,=
(z;,—Z; )/ 7, ,» where z, is the census size of replicate i
and Z, , is the mean census size of all replicates derived
from source population j in generation k. This
calculation is the same in principle as calculating
realized heritability from the deviation between up-
and down-selected lines (Falconer 1989, pp. 197-8),
except it allows explicit consideration of the variation
between lines within a treatment/source group. If the
response to selection is asymmetrical (and there is
reason to expect it would be; see Wade & McCauley,
1980), the heritability in one direction will be
overestimated and the heritability in the other di-
rection will be underestimated. To account for this
possibility, we also calculated realized heritabilities
from the non-normalized data; comparison of realized
heritabilities calculated in the two different ways
provides a heuristic way to identify asymmetrical
responses to selection.

As we discuss below, the census size of the
experimental populations exhibited marked oscil-
lations that weaken the ANOVA approach. We
developed a Monte Carlo simulation as an alternative
method of analysis. The simulation explored the range
of responses to selection we could have expected,
given our sample sizes and a range of population
heritabilities. This procedure provides an alternative
way of assigning confidence limits to the realized
heritability and also serves as a heuristic power
analysis if we interpret the results as addressing the
question: ‘Given a particular average heritability and
our sample sizes, how often would we observe a
response less than or equal to the observed response to
selection?’

The simulation faithfully reproduced the exper-
imental design with the exception of ignoring the
effect of source population. Because there was no
significant effect of source population on census size
at either the beginning (two-tailed unpaired r-test, t =
0-452,d.f. = 27, P > 0-45) or the end of the experiment
(Table 1), this assumption is statistically justified, and
it simplifies the subsequent analysis considerably. In
the initial generation, we randomly drew 14 popu-
lations (as in the SC lines) from a normal distribution
with mean and variance equal to those calculated
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from the data (bootstrapping the mean and variance
changed the initial values only very slightly), and
repeated this eight times, so that there were eight
independently evolving lines, four selected for high
census size and four for low census size. We then
allowed the system to evolve for six generations,
calculating selection differentials exactly as above and
holding the coefficient of variation of the distribution
constant. At the seventh generation, we calculated line
means, and interpreted the difference of the mean of
the High and Low lines divided by the mean of all
eight lines as the response to selection. The simulation
was repeated 1000 times for heritabilities from 0 to 1
at intervals of 0-1. We interpret the upper 95%
confidence limit of the heritability as that heritability
for which we observed a response less than or equal to
the actual response in 5% of simulations or fewer.
Results of simulations and annotated C+ + source
code are available from K.H. upon request.

3. Results

Line mean census sizes at each generation for each
source population are presented in Fig. 2. ANOVA of
census sizes at the ultimate round of selection reveals
no main effect of treatment and no significant
treatment x source interaction (Table 1). There is a
marginally  significant (P =0-051) effect of
Tr x Line(Source), but examination of line means
(Table 2) indicates that that result cannot easily be
interpreted as a partial response to selection whereby
some lines responded in the expected way to selection
and some lines did not respond to selection. More
importantly, the large fluctuations in rank of line
means across generations (Fig. 2) is not consistent
with a partial response to selection.

The conclusion of no response to selection is
confirmed by examination of the realized group
heritabilities (Table 3). When census sizes are nor-
malized for among-generation variation, the mean
realized group heritability of the eight lines is estimated

175

as —0-023, with 95% confidence limits of (—0-113,
0-068) (determined empirically; Hill 1971). There was
no difference in heritability between the two source
populations; the mean of the four FL lines is —0-015,
the mean of the four SC lines is —0-030. When
realized group heritabilities are calculated from the
non-normalized data rather than from deviations
from generation means, the overall results are almost
identical, although the realized heritabilities of some
lines differ qualitatively between the two analyses and
there is substantially more variance both within and
among lines (Table 3). Also, note that the mean non-
normalized heritabilities for High (#* = —0-014) and
Low (h* = —0-109) treatments are similar and nega-
tive, not suggestive of a greatly asymmetrical response
(or any response) to selection. We consider negative
group heritabilities as potentially meaningful (also see
Goodnight, 1985), because, unlike individual herit-
abilities, the genetic contribution to group heritability
need not be non-negative (see Section 4). Expressed as
percentages of the line mean, per-generation weighted
selection differentials for normalized data averaged
12-1% in Low lines and 16:2 % in High lines; weighted
selection differentials for non-normalized data av-
eraged 14:1% in Low lines and 15:3% in High lines
(Table 3).

Results from the Monte Carlo simulations allow
us to formally reject the hypothesis (o« = 0-05) that the
realized group heritability is > 0-4. With a heritability
of 0-4, 48/1000 simulations resulted in a response to
selection less than 0-108, the value observed in the
experiment. With a heritability of 0-3, the observed
value of 0-108 or less occurred in 130/1000 simula-
tions; with true realized heritability of 0-5, responses
less than observed occurred in only 23 of 1000 runs.

4. Discussion

To our disappointment, the results from this ex-
periment constitute the first documented general

Table 3. Cumulative weighted selection differentials and realized group

heritabilities

Line S um h? S, .(Norm)  /#*(Norm) S (Norm)
FH1 1-170 —0-161 1-176 —0-105 0-196
FH2 0-951 0-076 1-032 0-178 0-172
FL1 —0-884 —0-274 —0-709 —0-090 —0-118
FL2 —0962 —0-096 —0-835 —0-102 —0-139
SH1 0-508 —0-533 0-619 —0-089 0-103
SH2 1-033 0-561 1-058 —0-062 0-176
SL1 —0-867 —0-110 —0-704 —0-044 —0-117
SL2 —0-666 0-045 —0-668 0-076 —0-111

‘Norm’ represents values normalized for the source population generation mean.
S(Norm) is the mean normalized selection differential per generation, expressed as

a fraction of the line mean. (See Section 2 for details.)
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failure to detect a response to group selection on
population size (Goodnight & Stevens, 1997). More-
over, our results strongly suggest that the realized
group heritability for population size must be low, if
not actually negative. However, examination of Wade
& McCauley’s (1980) data (their table 6) also reveals
an important consistency between our results and
theirs. In their experiment, the realized heritability
(their ‘relative response’) of increased population size
in lines with beginning census sizes of 24 and 48 adults
was zero; they only observed positive responses in up-
selected lines with beginning census sizes of 6 or 12.
The harmonic mean beginning census size in our
experiment was 44 individuals (adults and juveniles),
and since we did not change the demographic structure
from the end of one generation to the beginning of the
next, evolution (or lack thereof) would have occurred
in populations with overlapping generations, an
average census size of 44 individuals and free migration
between the two surviving populations.

We can think of three possible reasons why
populations of Tribolium consistently respond to
group selection for decreased population size whereas
our similarly sized populations of Heterandria formosa
apparently did not. First, populations will diverge due
to genetic drift more slowly under migrant pool
selection than they will under propagule pool selection,
resulting in a slower response to selection. Second,
with migrant pool selection, inbreeding depression
will be lower for a given population size and number
of generations than it will under propagule pool
selection; it is known that inbreeding depression is
responsible for a general decrease in mean population
size in the Tribolium experiments (Wade & McCauley,
1980). Third, and we suspect more likely, it may be
that our populations of H. formosa do not exhibit the
same sort of genetically based behavioural interactions
that are largely responsible for the evolution of
population size via group selection in Tribolium.

Because the Tribolium experiments were substan-
tially larger than ours, an obvious question concerns
statistical power, i.e. could we have detected a response
to selection given a particular heritability? We will use
Wade & McCauley’s (1980) results as a guideline.
They determined that for populations of Tribolium
with census sizes on the order of our own (24 and 48),
the across-generation correlation coefficient (their
surrogate for heritability) between unselected popu-
lations of Tribolium was approximately 0-7 after six
generations (their figure 3). In our study, the average
across-generation correlation coefficient was approxi-
mately —0-1. After one generation of selection, they
observed a realized h? of about 0-7 for populations of
24 individuals selected for decreased population size
and an /* of 1-0 for down-selected populations of 48
individuals. Their lines selected for increased popu-
lation size had realized heritabilities of 0 or less
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(although this result might have been anomalous; see
their table 1). Taking the results of our simulations as
an approximation for statistical power, we had good
power to detect a response to selection if the true
realized heritability had been about 0-4 or greater
(1—a > 0:95). We can make another estimate of the
realized heritability in our experiments through these
simulation results by using the value of heritability
that maximizes the probability density in the neighbor-
hood of the observed values (a pseudo-maximum
likelihood estimate). When we do this, a realized
heritability of about 0-1 provides the best fit to the
data.

Examination of the data in Fig. 2 indicates a
general tendency for census size to oscillate between
generations, i.e. lines that increased in census size in
one generation tended to decrease in the next
generation and vice versa. If the fluctuations in census
size from one generation to the next were random
(disregarding that census size will ultimately fluctuate
around some carrying capacity), we would expect the
census size to show changes in the same direction in
successive transitions (two increases or two decreases)
as often as changes in opposing directions (increase—
decrease or vice versa). When all lines are considered
together, normalized census size shows a significant
oscillation (observed ‘same’ = 24, observed ‘oppo-
site” = 8, expected = 16/16; y* =80, df. =1, P<
0-005). When the data are broken down by source
populations, the FL lines exhibit a highly significant
oscillation (no. the same = 14, no. opposite = 2; y* =
9-0, d.f. =1, P < 0-005), but the SC lines do not (no.
the same = 10, no. opposite = 6; y* = 10, d.f. =1,
P > 04). Visual inspection of the data does not
convincingly suggest a two-generation periodicity to
the oscillation.

The oscillation explains the apparent absence of
group heritability. We can think of two plausible
scenarios that would produce such an oscillation.
First, given the significant positive relationship be-
tween census size and day of census, it seems likely
that the 6-week interval between census was not long
enough to allow the replicate tanks to reach their
equilibrium population size. Since census size in any
real population at any given point in time will generally
be an unknown function of both r and K, non-
equilibrium population dynamics is not a theoretical
problem in our experiment. However, if we happened
to census a replicate just after a burst of parturition,
census size would be large (and skewed toward
juveniles), but at the next census the population would
consist of a relatively large number of females that
had not yet given birth and relatively few juveniles,
resulting in a smaller overall census size. Thus, the
oscillation in census size could be an incidental
byproduct of the timing of our selection regime.

The second possible explanation for the apparent


https://doi.org/10.1017/S0016672300004687

Group selection on population size

oscillation is a consistent maternal effect resulting in a
negative phenotypic correlation between mothers and
daughters, such that daughters of a mother who
produced many offspring (resulting in a population
with a large census size, on average) tend themselves
to have fewer offspring (resulting in a population with
a small census size) and vice versa. Female H. formosa
raised at high densities are known to produce fewer,
larger offspring than females raised at low densities
(H. Rodd, unpublished data). Such a negative cor-
relation is theoretically expected to produce an
oscillation in the approach to the asymptotic response
to individual selection, and in the initial generation
the response to selection will be in the opposite
direction of selection (Kirkpatrick & Lande, 1989). In
either case, the biological phenomena responsible for
the oscillation in census size could have an underlying
genetic basis, thereby resulting in a genetic component
of negative group heritability. It is perhaps not
coincidental that Wade & Goodnight (1991) observed
the strongest response to group selection on popu-
lation size in Tribolium castaneum when they imposed
selection every second generation; responses were
weaker when selection was imposed every generation
or every third generation.

To conclude, the lesson that can be drawn from this
experiment is that with population sizes on the order
of a few dozen individuals and migrant pool selection,
six (overlapping) generations of group selection with a
50% extinction rate produced at best a very weak
evolutionary response in both up- and down-selected
lines. Depending on the method of inference, realized
group heritability for population size as measured
here is likely to be somewhere between weakly positive
and weakly negative. This result suggests that ex-
tinction, either random or due to selection on
population-level traits, may be unlikely to produce an
evolutionary response in the demographic properties
of populations unless the populations involved are
quite small for a number of generations and/or
migration among surviving populations is low.
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