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Abstract.—Inbreeding depression, the reduction in fitness that accompanies inbreeding, is one of the most important
topics of research in evolutionary and conservation genetics. In the recent literature, much attention has been paid to
the possibility of purging the genetic load. If inbreeding depression is due to deleterious alleles, whose effect on
fitness are negative when in a homozygous state, then successive generations of inbreeding may result in a rebound
in fitness due to the selective decrease in frequency of deleterious alleles. Here we examine the experimental evidence
for purging of the genetic load by collating empirical tests of rebounds in fitness-related traits with inbreeding in
animals and plants. We gathered data from 28 studies including five mammal, three insect, one mollusc, and 13 plant
species. We tested for purging by examining three measures of fitness-component variation with serial generations
of inbreeding: (1) changes in inbreeding depression, (2) changes in fitness components of inbred lines relative to the
original outbred line, and (3) purged population (outcrossed inbred lines) trait means as a function of ancestral outbred
trait means. Frequent and substantial purging was found using all three measures, but was particularly pronounced
when tracking changes in inbreeding depression. Despite this, we found little correspondence between the three
measures of purging within individual studies, indicating that the manner in which a researcher chooses to estimate
purging will affect interpretation of the results obtained. The discrepancy suggests an alternative hypothesis: rebounds
in fitness with inbreeding may have resulted from adaptation to laboratory conditions and not to purging when using
outcrossed inbred lines. However, the pronounced reduction in inbreeding depression for a number of studies provides
evidence for purging, as the measure is likely less affected by selection for laboratory conditions. Unlike other taxon-
specific reviews on this topic, our results provide support for the purging hypothesis, but firm predictions about the
situations in which purging is likely or the magnitude of fitness rebound possible when populations are inbred remain
difficult. Further research is required to resolve the discrepancy between the results obtained using different experi-
mental approaches.
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The deleterious consequences to fitness of matings among
relatives has been known for over two centuries (Knight
1799). Darwin conducted some of the earliest experiments
on the effects of selfing and outcrossing in over 50 plant taxa,
and was one of the first to quantify the costs of inbreeding
(Darwin 1868, 1876). More recently, inbreeding depression
has become one of the most important areas of research in
evolutionary biology and conservation genetics. Inbreeding
depression is simply the reduction in fitness traits of inbred
offspring in comparison to outbred offspring (Wright 1977,
Charlesworth and Charlesworth 1987; Shields 1987). Most
research on inbreeding depression during the past century
has concentrated on domestic species and captive wild spe-
cies (Ralls and Ballou 1986; Lacy et al. 1993). In addition,
a disproportionate amount of research has been conducted on
plants, as many species experience moderate to high levels
of self-fertilization and inbreeding depression is of funda-

mental importance in mating-system evolution (Lande and
Schemske 1985; Charlesworth and Charlesworth 1987; Bar-
rett and Charlesworth 1991; Uyenoyamaet al. 1993; Husband
and Schemske 1995; Barrett and Harder 1996; Ritland 1996).

Most of the early literature on inbreeding depression fo-
cused on measuring its intensity when populations were in-
bred, and the relationship between the level of inbreeding
(F) and inbreeding depression (Lynch and Walsh 1998). More
recently, attention has focused on a phenomenon that Darwin
first noted in his early Ipomoea experiments. Lineages of
plants inbred for a number of generations initially experi-
enced declines in components of fitness, but in subsequent
generations these sometimes experienced a rebound in trait
values. Darwin dubbed these plants ‘‘heroes,”’ as they were
not only able to endure successive generations of inbreeding
and recover fitness for certain traits, but also exhibited higher
fitness than the original population (Darwin 1876). With no
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understanding of Mendelian genetics, Darwin was at a loss
to explain this phenomenon. Since then, researchers have
coined the phrase ‘‘purging the genetic load’’ in reference
to the fitness rebound that can occur in intensively inbred
populations (Crow 1970).

The nature and degree of purging depends on the genetic
basis of inbreeding depression. It iswell known that inbreed-
ing depression cannot occur if there are only additive gene
effects for atrait (Falconer and MacKay 1996). If dominance
is present, trait values decline linearly with the level of in-
breeding (F) while epistatic allele interactions between loci
can produce quadratic decreases in fitness (Crow and Kimura
1970; Charlesworth and Charlesworth 1999). There are two
competing hypotheses to explain the decline in fitness with
inbreeding: the partial dominance and overdominance hy-
potheses. The partial dominance hypothesis posits that in-
breeding depression is the result of an increase in frequency
of deleterious alleles. With an increase in mating among rel-
atives, recessive deleterious alleles, once masked by domi-
nance effects in the heterozygous form, become homozygous
and express their effects on components of fitness (Davenport
1908; Bruce 1910; Keeble and Pellew 1910; Jones 1917). In
contrast, the overdominance hypothesis posits that hetero-
zygotes have higher fitness than homozygotes and that with
inbreeding the frequency of homozygous loci increase, re-
sulting in a decrease in fitness (East 1908; Shull 1908).

Evidence for both hypotheses exists in the literature, al-
though it is commonly believed that the partial dominance
hypothesis is more strongly supported (Charlesworth and
Charlesworth 1999; Roff 2002). Recent research that has in-
corporated new experimental methods such as QTL mapping
has lent support to both the partial dominance hypothesis
(reviewed in Charlesworth and Charlesworth 1999; Crow
1999), and the overdominance hypothesis (Karkkainen et al.
1999; Li et al. 2001; Luo et al. 2001). Additionally, new
advances in our understanding of gene regulation and enzyme
biochemistry have provided some evidence for a mechanistic
basis of overdominance (reviewed in Omholt et al. 2000 and
de Vienne et al. 2001). If inbreeding depression is due pri-
marily to strongly deleteriousalleles, then purging the genetic
load is a plausible mechanism by which populations could
reduce the cost of inbreeding.

If inbreeding depression results primarily from deleterious
alleles, another important consideration is the magnitude of
the effect on fitness components when popul ations areinbred.
With severe inbreeding depression, inbred individuals har-
boring deleterious alleles may die or not reproduce, effec-
tively removing deleterious alleles from the population.
Therefore, the magnitude of purging and the resulting re-
bound in trait values will be sensitive to the degree to which
deleterious alleles are detrimental to fitness (Hedrick 1994;
Wang et al. 1999; Willis 1999). Alleles of large effect, those
that are lethal or semilethal when in homozygous form, will
be relatively easily purged from the population (Lande and
Schemske 1985; Charlesworth et al. 1990; Hedrick 1994,
Schultz and Willis 1995; Wang et al. 1999). Alleles that are
only partially deleterious will be more difficult to purge as
inbred individuals carrying such alleleswill have only slight-
ly reduced fitness relative to individuals that are outbred
(Hedrick 1994; Wang et al. 1999). These alleles are also
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commonly less recessive on average than strongly del eterious
alleles (Simmons and Crow 1977; Crow and Simmons 1983).
However, it seems most likely that inbreeding depression is
due to deleterious alleles of both large and small effect: a
mixed model system (Charlesworth and Charlesworth 1999;
Wang et al. 1999). In such a case, successive generations of
inbreeding will purge lethal alleles, while the genetic load
resulting from mildly deleterious alleles will persist (Hedrick
1994; Wang et al. 1999). Although rarely discussed in the
literature, it is also possible that inbreeding depression for
any particular trait is due to both deleterious alleles of var-
iable effect and fitness effects that result from the loss of
heterozygosity alone. In such a case, purging the inbreeding
load (deleterious alleles and overdominance) may be non-
existent or only partially successful, depending on the mag-
nitude of the effect of deleterious alleles and the degree to
which they affect fithness components compared to hetero-
zygosity alone.

In arecent review of the plant literature, Byers and Waller
(1999) conclude that *‘ purging is an inconsistent force within
populations”’ (p. 479) and, particularly important, that the
extent of fitness rebound is limited. Their review included a
wide variety of studies that used different experimental and
statistical methods to test for the incidence of purging. The
heterogeneity of the datathey surveyed could potentially give
confounding results. For example, a frequently used method
is to compare trait values between natural populations that
are inferred to be historically inbred or outcrossed. Although
such a method of comparison yields interesting results, the
necessity of having to infer inbreeding as opposed to exper-
imentally manipulating populations, makes the generality of
the results using this method questionable. Although Byers
and Waller (1999) found that experimental method had little
influence in determining the frequency of purging, their sam-
ple size for the comparisons was limited (less than 10) and
they did not test specifically for effects on the magnitude of
purging. Interestingly, Byers and Waller (1999, p. 501) state,
“‘only F studies[studiesthat serially inbred populations] pro-
vided overall evidence for purging...’’ suggesting that an
experimental approach might be a more reliable method for
detecting the effects of purging.

Ballou (1997) examined purging in 25 captive zoo mam-
mals using pedigree records that allowed an assessment of
the extent of historical inbreeding. He found that only one
species showed significant rebound in components of fitness
with successive generations of inbreeding. Despite this, 17
of the 25 species exhibited minor increases in fitness com-
ponents with inbreeding, which constituted a significant, but
relatively small (2% at F = 0.25) overall effect (Ballou 1997).
It is important to note that the degree of purging in captive
zoo species will be limited because management protocols
equalize founder representation, and in turn inbreeding co-
efficients, acrossfamilies. This makesit difficult for selection
to eliminate deleterious alleles (Keller and Waller 2002).
Purging will also be limited in captive conditions since in-
breeding depression is often substantially lower in magnitude
under such conditions compared to the wild (Dudash 1990;
Crnokrak and Roff 1999; Keller and Waller 2002). Examples
of purging in wild mammal (e.g., Visscher et al. 2001) and
human populations (Rao and Inbaraj 1977) hint at the pos-
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sibility that selection against the inbreeding load may be
stronger in nature than in captivity.

Here we examine evidence for purging the genetic load by
reviewing empirical tests of fithess-component rebound with
inbreeding in animals and plants. In addition to the frequency
that studies provided evidence for purging, we were partic-
ularly interested in the magnitude of trait rebound with in-
breeding. For this reason, we restricted our criteria for in-
clusion to those studies where populations have been serially
inbred for several generations, and where measured changes
in fitness-related traits were documented. Thus we have not
included studies where inbreeding was inferred from histor-
ical or ecological data(e.g., outcrossing ratesin plants), since
the data have been reviewed elsewhere (Byers and Waller
1999). Also this method is likely to be inferior to experi-
mentally measuring F by producing populations with varying
degrees of inbreeding (Waller 1986). We were also interested
in the approach used to measure purging, as thereis evidence
to suggest that the method employed affects the estimated
magnitude and frequency of rebound (Willis 1999). Lastly,
we also examined whether different traits (closely or distantly
related to fitness) and taxa (e.g., mammals, insects, plants)
are affected to different degrees by purging, as thereis some
evidence to suggest that fitness variation in inbred popula-
tions may vary with the taxon or character investigated.

THE DATASET

We restricted our survey to those studies that examined
purging by serially inbreeding populations for at least two
generations. This is because two is the minimum number of
generations of inbreeding that are needed to detect a possible
rebound in fitness components if purging occurs. Since dif-
ferent levels of inbreeding (F) will produce different mag-
nitudes of inbreeding depression and subsequently affect the
degree of purging, we took into consideration the maximal
level of F for each study. This is important as the number
of generations of inbreeding and the method used (e.g., full-
sib mating or selfing) will affect the coefficient of inbreeding.
F ranged from a low of 0.27 (butterfly species) to a high of
0.97 (various plants). Since our goal was to measure not only
the incidence of purging but also the magnitude of trait re-
bound with purging, we were limited to experimental studies
in which levels of inbreeding were manipulated to obtain
accurate F estimates.

Animal studies primarily consisted of full-sib mated inbred
lines, while all plant studies used selfing as the means of
inbreeding. We found a total of 28 studies that examined
purging in 22 species consisting of mice, fruit flies, house
flies, a butterfly species, one snail species, and a variety of
plants including terrestrial annuals, aquatic perennials, and
a few tree species. Most studies examined a wide variety of
traits, with the dataset primarily composed of life-history
traits (72%): for example, offspring number, development
time, seeds per fruit, and time to flowering. Morphological
traits such as stem diameter and body weight (when not a
function of development rate) were al so represented, but more
infrequently (22%) compared to life-history traits. A small
minority of traits (6%) we categorized as physiological traits,
asthey pertained to biochemical pathways. The average num-
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ber of traits measured in each study was 7.3. In total, we
obtained 209 estimates of relative fitness for avariety of traits
(for the complete dataset and references, see Electronic Ap-
pendix, currently available from the Evolution editorial office
at: evolution@asu.edu).

Experimental Designs

Experiments investigating inbreeding depression typically
involve artificially inbreeding a naturally outbred population.
Although the manner in which inbreeding occurs differs
among organisms based on their mating systems (few animals
can self whereas many plant species can), most researchers
establish 10 to hundreds of lines from the outbred population
within which inbreeding is conducted. Serial inbreeding is
maintained within these lines for a number of generations
until the coefficient of inbreeding reaches a certain desired
level. Fitness components of inbred lines (11, 12, 13, etc.; Fig.
1) arethen compared either to the original outbred population
(the base population O1; Fig. 1), or with aconcurrently main-
tained outbred control line (O2, O3, etc.; Fig. 1). Comparison
of fitness components between mean inbred line and an out-
bred control allows an estimate of inbreeding depression for
each generation of inbreeding: for example, inbreeding de-
pression for first generation = 1 — 11/01 (Fig. 1). Addi-
tionally, comparison of the fitness components of the mean
inbred line (of last generation of inbreeding) and the original
outbred line allows researchers to determine the degree to
which inbreeding changes fithess components over time (1
— (I5 — 0O1)/01; Fig. 1). This method also allows for the
assessment of the degree of divergence in traits due to in-
breeding.

Deviations from this general protocol do exist, the most
common being the incorporation of an additional outcrossed
generation after serial inbreeding (OC; Fig. 1). Here, the
inbred lines are maximally outcrossed with each other to form
a new outcrossed population with the purpose of restoring
the original (base population) levels of heterozygosity that
are lost within lines due to inbreeding. Traits are then com-
pared with the original outbred population (OC/O1; Fig. 1).
Willis (1999) recently advocated going one step further by
inbreeding the newly formed outcrossed population (I0C;
Fig. 1) and comparing inbreeding depression with that of the
first generation of inbreeding (1 — 11/01 vs. 1 — IOC/OC;
Fig. 1). He argued that such a comparison would allow for
an accurate assessment of the degree of purging, as the co-
efficient of inbreeding is then equal in both generations be-
cause the outcrossing event sets F back to zero (Falconer and
MacKay 1996). Unfortunately, although this is clearly de-
sirable, his own study is the only one in our survey that has
employed this approach (see below).

Measures of Purging

We estimated the magnitude of purging using the three
most commonly reported measures in the literature: (1)
changesin inbreeding depression with successive generations
of inbreeding, (2) relative changesin inbred line fitness com-
ponents compared to original outbred fitness components, and
(3) the ratio of purged population trait values as a function
of ancestral outbred population trait values (formed by out-
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of fitness component value of outcrossed inbred lines formed after several generations of inbreeding; 10C, estimate of fitness component

value of inbred outcrossed lines formed by inbreeding OC.

crossing inbred lines). Each measure has its advantages and
disadvantages when estimating the magnitude of purging.
Because of this, we will define each measure and discuss the
theoretical and practical issues involved with their use.

Changes in inbreeding depression with inbreeding

One of the most intuitive measures used to estimate purg-
ing is to track the change in inbreeding depression (3) with
serial inbreeding (1 — 11/01vs. 1 — 15/05; Fig. 1). If purging
has occurred, after an initial increase, 8 should decrease with
successive generations of inbreeding. Since & is a function
of outbred fitness components, any changes in fitness of the
inbred lines not due to the purging of deleterious alleles(e.g.,
environmental changes across generations) should be con-
trolled for. Despite this, decreases in & can occur without
purging. With serial inbreeding, selection against del eterious
alleles will be strong, but as effective population size (Ng)
declines due to demographic factors or inbreeding, a large
portion of deleterious alleles can become effectively neutral
to selection (Crow and Kimura 1970; Wright 1977). With
time, deleterious alleles can become fixed in lines due to
drift. Additionally, deleterious alleles can become fixed in
inbred lines due to background selection or selective sweeps
(Charlesworth et al. 1997; Charlesworth and Charlesworth
1999; Wang et al. 1999). Because of these factors, although
strongly deleterious alleles such as lethals may be purged
from a population with inbreeding, a certain portion of the
genetic load due to detrimentals can become fixed and per-
manently decrease therelativefitness of inbred, andin certain
cases, control lines (Hedrick 1994; Charlesworth and Char-
lesworth 1999; Wang et al. 1999). Such an effect will obscure
differences between the control and inbred lines, leading to
the spurious conclusion that 3 has been reduced. In situations
such as this, between-popul ation comparisonsinvolving pop-
ulations with varying degrees of inbreeding can be used to
effectively measure inbreeding depression, as opposed to the
within-population estimates reported here (see Ritland 1990).

Additionally, increases in viability in inbred lines due to
environmental factors that do not affect the outbred lines,
have also been demonstrated (Kalinowski et al. 2000; Kal-
inowski and Hedrick 2001), but are most likely infrequent.

Since & will increase with F (Lynch and Walsh 1998), we
calculated F standardized estimates of inbreeding depression,
b (the cost of inbreeding for a given F). Although standard-
izing for variation in F accounts for the major difference
between generations of inbreeding, it cannot account for all
variation. Variation in the number of generations of inbreed-
ing may affect levels of purging as selection against the in-
breeding load has longer to act in intensively inbred popu-
lations. We standardized initial and final 8 by dividing by,
respectively, initial and final coefficients of F (for derivation
of equations, see Crnokrak and Roff 1999). Initial Fissimply
the level of inbreeding for the first generation of sib mating
in animals, or selfing in plants, while final F is afunction of
the number of generations and manner of inbreeding and thus
represents the maximal level of F for that study. The only
investigation that involves an exception to this relationship
is the Mimulus study by Willis (1999) where final F is equal
to initial F. This is because final 8 was measured in the
outcrossed inbred lines (formed after five generations of self-
ing) where F = 0.5, because the outcrossing event sets F
back to zero (for advantages to this protocol, see Discussion).
Since Willis (1999) measured & in the *‘purged’’ population
as opposed to the last generation of inbreeding, as was done
in the 12 other studies, we aso ran an analysis excluding his
study. We found 65 paired estimates of & reported for 13
studies (see Electronic Appendix for details).

Although purging can also be assessed by tracking changes
in the inbreeding load, B (Crow 1970), we were unable to
obtain an adequate sample size for this measure because a
regression of log trait value on F for a number of generations
of inbreeding is required. A number of studies included in
thisreview inbred populations for less than three generations,
thus preventing us from cal cul ating the necessary regressions.



PURGING THE GENETIC LOAD

Tracking relative inbred line fitness components with
inbreeding

Most studies reviewed here provided data such that purging
could be examined by comparing changes in fitness com-
ponents in inbred lines during inbreeding with the original
outbred population (1 — (I5 — O1)/0O1; Fig. 1). Some of
these studies also measured the relative fitness components
of inbred lines compared to an outbred control line over time.
If purging occurs with successive generations of inbreeding,
then the relative trait values of inbred lines, after an initial
drop, should start to rebound to levels comparable to the
original outbred level (seeLacy and Ballou 1998). Thiswould
result in a nonlinear, decelerating decline in inbred line trait
values with increasing F. It assumes that the resultant in-
crease in fitness components with inbreeding truly results
from the selective elimination of lines (between line selec-
tion) that express deleterious mutations, and is not due to
environmental effects or adaptation to laboratory growth con-
ditions. Purging of the deleterious load can also occur by
selection within lines (Charlesworth and Charlesworth 1999),
but its effects are likely to be more evident when selection
acts between lines (Wang et al. 1999). Comparing inbred trait
values with aconcurrently running control linewould account
for some effects due to adaptation, but not all.

Our second measure of purging is inbred relative fitness
(IRF). If purging has occurred, we should see comparable or
significantly higher inbred trait values over time compared
with the original outbred trait values (IRF estimate signifi-
cantly greater than one; Fig. 2). Lack of a significant differ-
ence between final inbred and initial outbred trait values also
indicates that complete purging has occurred. Thisis because
the null expectation is that subsequent inbreeding should de-
crease the fitness components of inbred lines (Fig. 2). But
no significant difference between outbred and inbred lines
may also be due to inadequate sample sizes as much as a
real lack of difference. A low value for IRF indicates that
initial outbred fitness is significantly larger than final inbred
fitness and therefore no purging has occurred (Fig. 2). An
alternative explanation is that serial inbreeding decreases ge-
netic variation, and subsequently, fitness components, despite
significant purging. Additionally, nonlinear decreasesin trait
values with increasing F as shown in Figure 2 (partial and
complete purging lines) can also result from epistasis rather
than purging (Willis 1993; Lynch and Walsh 1998). Also,
the arguments concerning the conditional nature of & (see
previous section) also apply to IRF. Nearly all of the traits
examined could be scored for IRF, so that the sample size
for this measure of purging was the largest of the three (205).

Ratio of purged population fithess components in relation to
ancestral fitness

If purging has occurred with serial generations of inbreed-
ing, inbred lines should harbor fewer deleterious alleles. In
addition, inbreeding (particularly in plants, where it can be
severe due to selfing) will result in a genetic divergence
among replicate lines due to drift. If inbred lines are fully
outcrossed after a number of generations of inbreeding, the
subsequently formed ‘‘purged’”’ population (outcrossed in-
bred lines, OC; Fig.1) will have levels of heterozygosity near
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or equivalent to the ancestral outbred population but will have
a substantially reduced genetic load (East and Jones 1919).
In such a case, the ratio of purged population trait means as
a function of ancestral outbred population trait means (OC/
O1; Fig. 1) should be significantly larger than one, as the
reduced genetic load should result in an increase in values
of the fitness components. Values not significantly greater
than one indicate little to no purging, while values signifi-
cantly less than one indicate reduced fitness component val-
ues, due presumably to the loss of genetic variation and/or
fixation of deleteriousalleles. We call this measure of purging
RATIO, as it is the ratio of purged population as a function
of ancestral population trait values. We found 56 RATIO
estimates of purging for 10 studies split between mammals
and plants. Interestingly, the RATIO measure can be used
both to test for purging (East and Jones 1919) and to make
inferences about the genetic basis of inbreeding depression
(see Roff 2002). Thisis because a definitive measure of purg-
ing implies that inbreeding depression is at least partially due
to deleterious all el es as opposed to the loss of heterozygosity.
Although the RATIO measure has been advocated as an ac-
curate measure of purging, it is not free of problems arising
from the effects of adaptation to laboratory conditions (Willis
1999; see Discussion).

STATISTICAL ANALYSES

Since all purging measures were expressed as proportions
or ratios, we used nonparametric analyses to test for purging.
In addition, we also used meta-analysis to test for differences
in inbreeding depression and rel ative fitness components with
inbreeding.

Meta-analysisis particularly appropriate in reviews of this
sort as the inherent variation within and between studies will
confound the results obtained from conventional tests of dif-
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ferences between means such as t-tests (Hedges and Olkin
1985). Variability between studies can also be accounted for
statistically by weighting effects for different sample sizes
and variance components (Arnqvist and Wooster 1995). Any
interpretation of mean effect size must be done in light of
the inevitably large variance component of effect size. The
estimate of the variance of effect size can also be tested
against a null hypothesis of zero (no heteroscedasticity) to
determine if our studies have significant heterogeneity.

Meta-analysis requires the calculation of the mean effect
size A, the variance of A: ¢%(A), and the Q statistic, which
allows for testing of o2(A)=0. The statistical methods of
meta-analysis are laid out in detail in Hedges and Olkin
(1985) and will not be discussed here except what is nec-
essary for the present analysis. We used MetaWin 2.0 (Ro-
senberg et al. 2000) for all meta-analyses. Finally, we de-
termined the degree to which the file drawer problem (i.e.,
what is the possibility that the number of unpublished null
results invalidate the results of the meta-analysis by bringing
the significance down to P = 0.05?) affects our statistical
analysis by estimating the ‘‘fail-safe’’ number: that value of
the number of filed studies (those studies not published) re-
quired to bring the probability of a type-lI error (rejecting
null hypothesis when true) to the desired level of significance
(Hedges and Olkin 1985). A small fail-safe number (in ref-
erence to the total sample size) means that the findings of
the meta-analysis are not resilient to the file drawer problem
and we must then reconsider our conclusions.

For all statistical tests, we used a hierarchical method of
analysis: first, we analyzed the entire dataset (all estimates
reported per study used), followed by an analysis of study
means (mean values calculated per species/study combina-
tion; i.e., the Lacy and Ballou study constitutes three separate
data points since three different species were examined). The
number of estimates available for each measure of purging
varied among studies and ranged from alow of one to ahigh
of 32 (median = 6). Since measuring alarge number of traits
in a single species/study does not constitute independent data
(due to potential correlations between traits within a species),
we also calculated mean estimates of purging (averaged
across traits for each measure of purging) per study. We then
ran separate analyses for different trait types, as life-history
traits are known to exhibit higher inbreeding depression than
morphological traits (DeRose and Roff 1999), which in turn
may affect the degree of purging (Hedrick 1994). Comparing
the entire dataset with the study means allowed us to infer
the degree of bias introduced from the overrepresentation of
certain traits within studies. Meta-analysis is not subject to
this problem, as the method uses mean values per study as
raw data.

There was substantial variation between studies for the
maximal level of F reached after successive generations of
inbreeding (range 0.27-0.97). Thisisthe product of variation
in the number of generations of inbreeding (average: 4.5) and
the different method of inbreeding employed in each study
(full-sib or selfing). As most plant studies conducted inbreed-
ing by selfing, the mean maximal level of F was significantly
higher in plants compared to mammals and insects (F; >3 =
7.51, P = 0.004; plants: 0.81 = 0.03; mammals: 0.62 = 0.06;
insects: 0.55 = 0.07). Naturally outbred organisms that ex-
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perience more intense inbreeding are expected to exhibit
higher levels of inbreeding depression (Lynch and Walsh
1998), which may affect the magnitude of purging (Hedrick
1994; Charlesworth and Charlesworth 1999; Wang et al.
1999). We therefore corrected estimates of & for variation in
F (b estimate) since, in most cases, the comparison between
initial and final & constituted a significantly larger difference
in F than comparisons across taxa. Additionally, when the
data permitted, we conducted analyses for the entire dataset
within taxonomic groupings (in which variation in F is low-
est) to avoid potential confounding effects.

REsuLTS

Question 1. Does inbreeding depression decrease with
successive generations of inbreeding?

To test if final b is lower than initial b, we used nonpara-
metric Wilcoxon-signed ranks test (to determine if initial —
final b = 0; Sokal and Rohlf 2000) and meta-analysis. Since
we have no apriori reason to believe that differences between
initial and final b will be constant across studies, we used a
random-effects model as opposed to the more common fixed-
effects model for the meta-analysis (Hedges and Olkin 1985).

Since the dataset is composed of a wide variety of organ-
isms, there may be inherent differences between taxa in the
frequency and magnitude of purging, due to differences in
mating systems (Byers and Waller 1999). Such variation may
obscure general patterns of purging. Because of this, we used
Kruskal-Wallis to test for effects of taxonomic type (mam-
mals, insects, molluscs, and plants) on the mean difference
in b (initial — final b). Additionally, we tested for between
taxon heterogeneity in variance components for the meta-
analysis. We pooled data from different taxa when results
revealed no significant effect of taxonomic group.

Results: significant decrease in b with inbreeding.—When
standardized for variation in F, 72% of traits showed a de-
crease in b with successive generations of inbreeding. Mean
final b was significantly lower than mean initial b for mam-
mals and plants and nonsignificant for insects and molluscs
(Fig. 3; significant differences between taxonomic groups:
x2 = 18.79, df = 3, P = 0.0003). The drop in b for mammals
was primarily due to a single mouse study and therefore we
caution any interpretation of the results as evidence for purg-
ing for this subset of the data. The percent drop in b for plants
was moderate at 16% (whole dataset). The analysis of study
means reveal ed no significant differences between taxonomic
groupings (4 taxa separate: x2 = 4.04, df = 3, P = 0.26;
animals versus plants: x2 = 2.91, df = 1, P = 0.09) and an
overall significant decrease in b by 48% (mean initial b =
0.73 = 0.18, mean final b = 0.38 = 0.08; z = 2.25, df =
12, P = 0.01). This result represents a substantial decrease
in the cost of inbreeding. The study means analysis for plants
alone revealed a 15% drop in the cost of inbreeding, which
was not significant, presumably due to the small sample size
of eight (z = 1.32, df = 7, P = 0.19). Removing the Willis
(1999) study did not change appreciably the resultsfor plants:
15% drop in b (z = 0.93, df = 6, P = 0.36).

The meta-analysis also revealed no significant heteroge-
neity between taxonomic groupings (animalsvs. plants; Table
1), a similarly large mean effect size of 0.42, and a 95%
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Fic. 3. Mean (+ SE) initial and final inbreeding depression standardized for F (b), for the four taxonomic groupings: mammals, insects,
molluscs, and plants. Mean values are for the entire dataset. P-values above bars are significance levels for differences between initial

and final b for each group using Wilcoxon-signed ranks test.

confidence interval that does not include zero (see Table 1).
The low variance of the mean effect size and the moderate
(compared to the sample size) fail-safe number, indicates that
the results are robust to heterogeneity between studies and
publication bias (Table 1). Thus we can conclude that the
cost of inbreeding substantially decreased with generations
of inbreeding for the studies we examined.

Question 2: Is there a significant increase in relative inbred
fithess components with successive generations of
inbreeding?

To determine if purging had occurred, we tested whether
relative inbred trait means rebounded after several genera-
tions of inbreeding. If complete purging had occurred, then
IRF should be significantly greater than one (Fig. 1) or there
should be no significant difference between outbred and in-
bred trait values (see Fig. 2). No purging would mean that
the IRF estimate is less than one and very low (see Fig. 2).
Partial purging is much more difficult to measure statistically
as it is arelative measure between complete and no purging.
We used the Wilcoxon signed-ranks test to test for significant
deviations from one (no difference between outbred and in-
bred fitness components). Since the IRF measure contained
multiple estimates for each study, we only used mean esti-
mates per study and did not conduct an analysis on the whole
dataset.

Results: moderatetrait rebound ininbred lines.—Using IRF

TaBLE 1. Meta-analysis results for the test statistics initial — final b
and RATIO. A and CI (95%), mean effect size and 95% confidence
interval; Q, equivalent chi-square test statistic to test whether o2 (A)
= 0 (no Q-values were larger than the 100 (1 — «) percentile point,
and therefore we cannot reject the null hypothesis); Q;ora., total het-
erogeneity; Qgerween: NEtErogeneity between taxonomic groupings; o?
(A), variance of A; N, number of studies; N,, fail-safe study number
(to test file drawer problem).

Analysis A and ClI (95%) a? (4) Qrotat Qeerween N N,
b 0.12=042=082 0264 1261 228 13 26
RATIO 1.04 = 1.17 = 132 0.042 800 NA 10 9

as a measure of purging, we found that 53% of the reported
traits reveal ed evidence of complete purging with inbreeding.
Only 8% of the traits revealed substantial purging where
inbred line trait values were significantly larger than outbred
values after several generations of inbreeding. Roughly half
of the reported traits (47%) revealed no purging. However,
this was not due to a lack of effect of inbreeding on traits,
as mean initial  was moderately high at 0.21 = 0.04 (as was
final 8, 0.24 + 0.06) and significant greater than zero, in-
dicating significant levels of inbreeding depression. We cau-
tion against accepting the interpretation that the lack of a
significant difference between inbred line and outbred fitness
components is evidence for purging, since the lack of a dif-
ference could also be due to inadequate sample sizes.

When we divided the dataset according to trait type we
found evidence of purging for morphological traits in mam-
mals, but only weak evidence for purging in plants (Table
2). On the other hand, life-history traits showed only mod-
erate evidence for purging in both mammals and plants (Table
2). Insects showed substantial rebounds for life-history traits,
with the mean IRF estimate of 1.07 (inbred fitness on average
larger than outcross fitness).

Question 3: Is purged population fithess as a function of
ancestral population fitness significantly greater than one?

To test if the RATIO measure of purging is significantly
greater than one, we used the Wilcoxon signed-ranks test.

TABLE 2. Mean (+SE) estimates of inbred relative fitness (IRF) for
morphology/life-history traits and among different taxonomic groups.
IRF =1 — (I5 — 01)/01; see Figure 1: also equivalent to relative
fitness measure in Figure 2. Significant values less than one indicate
no or partial purging, and values not significantly different from one
indicate complete purging (see Fig. 1 for details). Significance was
tested against one: no significant difference between inbred line and
outbred fitness component estimates.

Trait Mammals Insects Plants
Morphology 0.95 = 0.059 NA 0.78 £ 0.060*
Life history 0.81 = 0.057* 1.07 = 0.242 0.70 = 0.047*

* P < 0.001.
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Fic. 4. Mean RATIO estimates (+ SE) for mammals and plants
for the entire dataset and study means (mammals and plants com-
bined). P-values represent significance levels for Wilcoxon signed-
ranks test for RATIO estimates greater than one. Dashed line rep-
resents RATIO of one. RATIO, purged population (outcrossed in-
bred lines) trait mean as a function of ancestral outbred trait mean.

We also performed a meta-analysis for the RATIO measure,
using the most commonly reported trait for all 10 studies
(reproductive output, examples of which include litter size
in mice and number of flowers/seedsin plants). We used only
one estimate per study (and its corresponding standard de-
viation) as opposed to a mean estimate per study, since afew
studies only reported single estimates (Hedges and Olkin
1985). To analyze the mean effect size for this measure, we
used Hedge's In response ratio (Hedges et al. 1999), which
allows for the testing of nonparametric ratio estimates with
favorable sampling distributions (Hedges et al. 1999).

Results: frequent and substantial evidence for purging
found.—Unlike the previous measure of purging that showed
moderate fitness rebound with inbreeding, the RATIO mea-
sure revealed evidence for frequent and substantial purging
in a variety of traits. Purged population trait values as a
function of ancestral population trait values (OC/O1; Fig. 1)
were significantly greater than one, 48% of the time. Figure
4 indicates that very little difference exists between the mean
RATIO measures of purging between mammals and plants
(no data available for insects and molluscs). Additionally,
mean RATIO estimates were significantly greater than one
using a Wilcoxon signed-ranks test for both organism types
(mammals: z = 2.40, df = 13, P = 0.017; plants: z = 2.42,
df = 41, P = 0.016). The study means analysis revealed
similar effects to that for the whole dataset (Fig. 4): the ratio
of purged fitness components to ancestral fithess components
was significantly greater than one (z = 2.09, df = 9, P =
0.037). The average increase in trait values for the purged
population compared to the ancestral population was 20% in
mammals and 24% in plants. Both these values represent
significant increases in fitness components with inbreeding
and therefore can be interpreted as evidence for purging of
the genetic load.

The results of our meta-analysis revealed that the ratio of
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Fic. 5. Nonparametric Kendall’s tau-b correlation for the mea-
sures of purging: RATIO versus inbred relative fitness (IRF). IRF,
mean inbred line trait values after serial generations of inbreeding
as a function of original outbred trait values; RATIO, purged pop-
ulation (outcrossed inbred lines) fithess component values as afunc-
tion of ancestral outbred fitness component values.

purged-population fitness components to ancestral-popul a-
tion fitness components was significantly greater than one
(Table 1). Additionally, the estimated pooled variance was
low, indicating little between-study heterogeneity (see Table
1). Thussignificant and substantial purging isfrequently mea-
sured when purged-population trait values are reported as a
function of ancestral-population trait values. Despite this, the
fail-safe number of nineindicated that more studies are need-
ed to fully resolve this issue. The low fail-safe number is
most likely due to the moderate mean effect response ratio
of 1.17. Although moderate for the purpose of meta-analysis,
arelativefitnessratio of 1.17 represents a substantial rebound
in fitness for important life history traits.

Question 4: Do the three different measures of purging
return consistent results for the same trait?

To find out whether there was a significant effect of mea-
sure type on the magnitude of purging, we determined the
degree of correspondence between measures of purging for
all traitswithin each study that reported two or more measures
of purging. We found that only six studies involving 33 traits
reported all three measures of purging. We used Kendall’s
tau-b nonparametric paired measure of association (Sokal and
Rohlf 2000) to determine whether paired measures of purging
give similar results. For this analysis we compared the dif-
ferencein b (initial — final b) with IRF and with the RATIO
measure of purging.

Results: limited correspondence between the different mea-
sures of purging.—We found a significant correlation be-
tween the IRF and RATIO measures of purging (r = 0.41,
tau-b = 0.29, P = 0.002): traits that showed substantial and
significant purging for the RATIO measure, also showed sub-
stantial and significant purging for the IRF measure (Fig. 5).
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Fic. 6. Comparisons among the three different measures of purg-
ing: initial — final b (b) inbred relative fitness (IRF), and RATIO
(R). Frequency values for different purging measure combinations
represent the degree to which different measures return similar re-
sults (data scored as significant purging/no-purging) for each trait
out of all available traits. Initial — final b, difference in inbreeding
depression before and after serial generations of inbreeding (stan-
dardized for F); IRF, mean inbred line trait values after serial gen-
erations of inbreeding as a function of original outbred trait values;
RATIO, purged population (outcrossed inbred lines) fitness com-
ponent value as a function of ancestral outbred fitness component
value.

bvs R

We found no correspondence between IRF and initial — final
b (r = 0.21, tau-b = 0.004, P = 0.97). Additionally, we
found no correspondence between initial — final b and RA-
TIO (r = 0.14, tau-b = 0.01, P = 0.92).

Although one comparison between measure types reveal ed
some level of correspondence (Fig. 5), the correlation co-
efficient is only moderately high (0.41), indicating that the
information obtained from different measures of purging of-
ten did not correspond. Additionally, the frequency of sub-
stantial purging (using the above dataset) between the three
measures differed: initial — final b = 0.10, IRF = 0.06,
RATIO = 0.27. This pattern is similar to that for the whole
dataset; initial — final b = 0.06, IRF = 0.08, RATIO = 0.38.
Figure 6 reveals that the frequency of correspondence be-
tween the different measures (data scored as significant purg-
ing/no-purging) is highest for initial — final b versus IRF
and IRF versus RATIO measures, and it is lowest for the two
measures we predicted might represent purging: initial —
final b versus RATIO.

In summary, purging was most likely to be measured where
reports included fitness components of the purged population
as a function of the ancestral population (RATIO measure)
and changes in inbreeding depression were standardized for
F (b). Thus, the manner in which a researcher chooses to
measure the magnitude and frequency of purging has an im-
portant influence on the results obtained.

DiscussioN
Is Purging Common When Populations Are Inbred?

Although the idea that the deleterious load can be effec-
tively purged with inbreeding has been frequently discussed
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in the literature, two recent reviews have concluded that only
limited evidence exists for this phenomenon (Ballou 1997,
Byers and Waller 1999). Our review of purging revealed two
major findings. First, with some exceptions, our results using
different measures lend support to the purging hypothesis for
most traits. This is particularly true for the results obtained
from the measure we believe is most powerful in detecting
purging: changes in inbreeding depression. Second, we found
that the probability and degree of purging detected is con-
ditional onthe manner inwhichit is measured. Only moderate
rebound was reported if researchers tracked changes in rel-
ative inbred line fitness components. In contrast, greater lev-
els of purging were evident when researcherstracked changes
in the cost of inbreeding standardized for F, and when out-
crossing inbred lines and comparing fitness components to
the ancestral population. This last method reveals that the
mean relative increase in fitness components with purging is
substantial (20% in mammals and 24% in plants), but ranges
from alow of 0% to a high of 96%. Although the decrease
in the cost of inbreeding for a given F was substantial (av-
erage decrease in b of 42—-48% between initial and final in-
breeding), we found only partial correspondence between this
and the RATIO measure of purging. For traits in which both
measures were available, approximately 73% of the cases
showed no correspondence between b and RATIO. Thus we
are left with having to account for the discrepancies between
the results obtained with different methods. Our discussion
begins by examining the factors that could contribute to this
discrepancy.

Adaptation to Laboratory Conditions or Purging?

The lack of correspondence between the two measures we
ranked highest in terms of power to detect purging (b and
RATIO) suggests an alternative to the purging hypothesis
when characterizing purging using the RATIO measure. The
substantial trait value increase for outcrossed inbred lines
may be due to inadvertent adaptation to growing conditions
(see Willis 1999). Such a scenario is possible based on what
we know of how experiments are often conducted. For ex-
ample, plants that mature early under laboratory conditions
may be favored due to time constraints as researchers in-
advertently reduce the intergeneration interval between serial
generations of inbreeding. Additionally, selection within and
among lines for general conditionsin the laboratory or glass-
house may result in adaptive evolution to those conditions.
Successive generations of selection may result in rapid
changes in mean maturation time, and in conjunction with
other correlated traits, ultimately in higher fithess in the in-
bred lines without any marked decrease in the genetic load.
If the inbred lines are then outcrossed to restore original
heterozygosity, and fitness components are compared with
the ancestral population (our RATIO measure), one should
observe a marked relative increase in trait values in the
“‘purged’’ population. This is to be expected since the an-
cestral population has not experienced similar selection pres-
sures. A rebound of this sort could easily be mistaken as
evidence for purging.

The discordance that we found between our different mea-
sures of purging (notably changes in inbreeding depression
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and RATIO) leads us to conclude that in these cases, the
frequently measured increasein trait values when inbred lines
are outcrossed may be due to adaptation to growth conditions
and not purging. Both purging and adaptation to laboratory
conditions are factors that could be responsible for the re-
bounds in fitness components that we found for traits using
the RATIO measure. However, changes in inbreeding de-
pression are not likely to be affected to the same degree by
adaptation to laboratory conditions since a concurrently
maintained control line is used as the outbred reference. This
assumes that inbred lines do not experience faster responses
to selection compared to the outbred control (for exceptions
see Willis 1999). Therefore, the decrease in the cost of in-
breeding for a given F that we observed (particularly for the
plant data) would appear to provide evidence for purging.

Testing the Genetic Basis of Inbreeding Depression

The potential occurrence of adaptation to laboratory con-
ditions has important implications for researchers interested
in the genetic basis of inbreeding depression. Thisis because
comparing trait values of outcrossed inbred lines with an-
cestral population trait values (RATIO measure) is a fre-
quently employed experimental method to test between the
partial and overdominance theories. This method assumes
that inbreeding can purge the genetic load to some measurable
degree and that trait rebound with inbreeding is not due to
causes other than purging. Essentially, traits that show some
level of purging indicate that inbreeding depression is at | east
partially due to deleterious alleles and not to a loss of het-
erozygosity. This is therefore used as support for the partial
dominance hypothesis (Roff 2002). Conversely, a lack of
purging (traits rebound to ancestral levels) could indicate that
inbreeding depression is due to a loss of heterozygosity and
has been used to support to the overdominance hypothesis
(Roff 2002).

Using our RATIO measure, we found equivocal support
for both the partial dominance and overdominance hypoth-
esesfor 56 traits. However, due to the lack of correspondence
between the different measures of purging (notably b and
RATIO), we caution against interpreting this result as evi-
dence that overdominance contributes to inbreeding depres-
sion. The lack of correspondence suggests that rebounds in
traits may be the result of adaptation to growing conditions
and therefore casts doubt on the utility of the RATIO measure
to infer the genetic basis of inbreeding depression. Further,
theoretical considerations alone have shown that deleterious
alleles of small effect are difficult to purge (Hedrick 1994;
Wang et al. 1999). This would lead to the erroneous conclu-
sion when using the RATIO measure that inbreeding de-
pression is due to overdominance since mildly deleterious
recessives should act like symmetrical overdominant loci (J.
Willis, pers. comm. 2002).

Experimental Protocols

If rebounds in trait values with inbreeding are not due to
purging but are instead a result of adaptation to laboratory
conditions, what can be done experimentally to tease apart
these two confounding effects? Although molecular methods
that measure changes in deleterious gene frequency (mea-
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sures that are not subject to adaptation to laboratory condi-
tions) can be used to verify the results obtained from quan-
titative methods discussed here, they are available only for
the few species that have been intensively studied at the
molecular level (Charlesworth and Charlesworth 1999). For
most species, measuring quantitative fitness component var-
iation with inbreeding is one of the few available approaches
that can be used to detect purging.

The problem of distinguishing between purging and ad-
aptation to growth conditions rests in part on the use/misuse
of an appropriate outbred control group for the purpose of
comparing fitness components. An appropriate control group
would be one for which the inadvertent selective regime ex-
perienced by the inbred lines would also apply. This would
require knowing what effect maintaining and choosing in-
dividuals to propagate the inbred lines has on the traits of
interest. Since this selection is inadvertent, knowing its ef-
fects and being able to replicate them in the outbred lines is
impossible.

One potential way of getting around this problem for those
experiments that compare purged population fithess com-
ponents with the ancestral population (OC vs O1; Fig. 1) is
to inbreed the outcrossed inbred lines (purged population)
and measure inbreeding depression (1 — 10C/OC; Fig. 1,
Willis 1999). If purging has occurred, then inbreeding de-
pression should be significantly reduced (1 — 10C/OC < 1
— 12/01; Fig. 1) or nonexistent. If no purging has occurred,
then inbreeding depression should be no different than in the
first generation of inbreeding (1 — 10C/OC = 1 — 11/01;
Fig. 1). With the exception of the Willis (1999) study, all
comparisons of changes in inbreeding depression reported
here are between the first and last generation of inbreeding
(1 — 12/01 and 1 — 15/05 respectively; Fig. 1) and not
between the first inbred generation and the inbred purged
population (1 — 11/01 and 1 — IOC/OC respectively; Fig.
1). Additionally, comparing inbreeding depression between
the first inbred and purged population reduces the confound-
ing effect of linkage disequilibrium (which can produce tran-
sient correlations between traits) that accumulates with gen-
erations of inbreeding (Falconer and MacKay 1996). We
therefore strongly encourage future studies to incorporate the
method first advocated by Willis (1999) to measure purging
in experimentally inbred populations.

The other potential solution is among-population compar-
isons of inbreeding depression where varying inbreeding his-
tory can be accurately inferred. Knowing the inbreeding his-
tory of a population is critical since a population that has
previously experienced severe inbreeding (due to a popula-
tion bottleneck) is expected (with some qualifications) to
have a lower genetic load (Lynch and Walsh 1998; Keller
and Waller 2002). Between-popul ation comparisons are most
useful as an adjunct to experimental studies, as fixation of
deleterious alleles is believed to be substantially slower in
naturally inbred populations than experimentally manipulat-
ed ones. However, this approach possesses its own problems
and it is questionable to what degree of accuracy one can
infer the history of inbreeding for any given naturally inbred
population (Keller and Waller 2002).
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Conclusions

Unlike previous reviews on purging, results for the mea-
sures we calculated in this study provide evidence to suggest
that purging occurs. In many cases the extent of reboundsin
trait values can be substantial in experimentally inbred pop-
ulations. However, this result must be viewed in light of
certain qualifications. The frequency and magnitude of purg-
ing with inbreeding appears to depend upon the manner in
which trait fitness components are experimentally assessed.
Additionally, we found little correspondence between dif-
ferent measures of purging, most notably between changes
in inbreeding depression and the use of outcrossed inbred
lines. The discrepancy among the results we obtained war-
rants caution in making any general conclusions concerning
the magnitude and frequency of purging in animal and plant
populations, particularly when using the RATIO measure of
purging. Although adaptation to laboratory conditions may
account for rebounds in fitness, there is evidence for purging
in a significant number of the studies reviewed here. Despite
the large body of information accumulated during the past
century pertaining to inbreeding depression, substantially
more research is needed to understand the dynamics of purg-
ing and particularly to resolve the fundamental issue of the
genetic basis of inbreeding depression.
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