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Introduction

Genetic drift is a major determinant of population genetic
diversity. Drift is a stochastic force that shapes within- and
among-population genetic variation at neutral and weakly
adaptive portions of the genome (Wright, 1931). The
magnitude of genetic drift is inversely proportional to the
effective population size N, (Wright, 1931; Kimura, 1955).
N, refers to an ideal population consisting of monoecious
diploid individuals with discrete, nonoverlapping genera-
tions that reproduce by random sampling of gametes
(Wright, 1931). Hence, N, depends not only on the
number of reproducing individuals — one of its better studied
aspects — but also on factors such as the mating system and
the extent of dispersal (reviewed in Caballero, 1994). Our
main goal in this study was to assess the simultaneous
importance of three factors predicted to have an impact
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Summary

e The mating system, dispersal and census size are predicted to determine the
magnitude of genetic drift, but little is known about their relative importance in
nature.

e We estimated the contributions of several population-level features to genetic
drift in 18 populations of Arabidopsis lyrata. The factors were outcrossing rate,
within-population spatial genetic structure, census size and substrate type. The
expected heterozygosity (Hg) at 10 microsatellite loci was taken to reflect the
effective population size (N,) and the strength of genetic drift.

e The mating system explained most of the variation in Hg (60%), followed by
substrate (10%), genetic structure (9%) and census size (6% ). The most outcrossing
population had a +0.32 higher predicted Hg than the most selfing population; the
estimated N, of selfing populations was less than half that of outcrossing popula-
tions. Rocky outcrops supported populations with a +0.14 higher Hg than did
sandy substrates. The most structured population had a +0.24 higher Hg than the
least structured population, and the largest population had a +0.18 higher H than
the smallest population.

e Thisstudyillustrates the importance of outcrossing, genetic structure and the phys-
ical environment — together with census size — in maintaining Hg, and suggests that
multiple population-level characteristics influence N and the action of genetic drift.

on genetic drift via their effect on /N, — the mating system,
spatial genetic structure and census size — in relatively iso-
lated populations of a plant species over a large range of its
distribution.

The mating system of animals and plants can vary from
fixed for obligate outcrossing to mixed mating to entirely
selfing (Schemske & Lande, 1985; Goodwillie ez al., 2005;
Jarne & Auld, 20006). Selfing can be considered as an extreme
form of limited gamete dispersal, causing increased levels of
homozygosity and linkage disequilibrium (Charlesworth &
Wright, 2001; Glémin ez al., 2006; Wright ez al., 2008). In
a completely selfing population, all individuals should be
fully homozygous for all loci and N, is reduced twofold
(Pollak, 1987). N, may be further reduced in selfing popula-
tions because of enhanced levels of linkage when there are
selective sweeps involving advantageous mutations or selec-
tion against deleterious mutations (Charlesworth & Wright,
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2001). From studies of selfing plants, such as Arabidopsis
thaliana, we know that all individuals at a particular locality
are often completely fixed for the same alleles at marker loci,
and even variable marker loci are homozygous in most
individuals (Kuittinen et 4., 1997; Bomblies et al., 2010).

A further factor enhancing genetic drift is limited gene
flow, which means that reproduction may be random within
demes or subgroups, but is nonrandom over the whole
(meta-)population. Limited gene flow causes spatial genetic
structure, with the predicted consequence of increased
homozygosity within subgroups and linkage disequilibrium
across subgroups (reviewed in Felsenstein, 1976). Spatial
genetic structure over a continuous area reduces local NV, but
may increase effective size over the whole population com-
pared with a nonstructured population with an equal
number of individuals. Whitlock & Barton’s (1997) model
revealed that subdivision is expected to increase genetic varia-
tion only if the size and contribution of subgroups to the
dynamics of the whole population are similar. So far, empiri-
cal results on the impact of within-population spatial genetic
structure on genetic diversity across demes are rare.
However, it is known that the mating system may interfere
with spatial genetic structure in its effect on V.. Selfing plant
species show more spatial genetic structure than outcrossing
ones (reviewed in Vekemans & Hardy, 2004).

An additional factor causing genetic drift is small census
size. In a nonstructured, panmictic population of monoe-
cious, diploid individuals, drift is predicted to scale with
census size (N) by 1/2N (Wright, 1931). This is the best
studied source of genetic drift. Many studies of natural
populations report a positive relationship between census
size and neutral genetic marker diversity, reflecting the
increased action of drift under small N (reviewed in
Ellstrand & Elam, 1993; Frankham, 1996; Willi ez 4l.,
2007). Moreover, in the laboratory, enforcing inbreeding
via small census size causes declining quantitative genetic
variation for nonfitness traits (Van Buskirk & Willi, 20006;
Willi ez al., 20006).

In this study, we estimate the impact of the mating
system, the extent of within-population spatial genetic
structure, census size and substrate type on genetic drift
across 18 populations of the rockcress Arabidopsis lyrata.
Arabidopsis lyrata has a (mostly) functioning sporophytic
self-incompatibility system, which means that sporophytic
(diploid) information on the pollen coat determines
whether the (diploid) stigma accepts the pollen to fertilize
ovules (Takayama & Isogai, 2005). However, there is varia-
tion within and among populations in the occurrence of
self-incompatibility (Mable ez al, 2005; Mable & Adam,
2007). Mable & Adam (2007) described populations
around the Great Lakes of North America that were nearly
fixed for either self-compatibility or predominant selfing.
For this reason, we worked with North American popula-
tions, two of which were identical to populations studied in
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Fig. 1 Geographic distribution of 18 populations of Arabidopsis
lyrata in North America, varying in the mating system from
predominant outcrossing to mixed mating and predominant selfing
(reproduced with permission from Willi & Mdattanen (2010),
copyright European Society for Evolutionary Biology, published by
Blackwell Publishing). The black shading of the circles represents the
population multilocus outcrossing rate t.,, the white shading the
selfing rate (1-t..,). The first two letters of the site name are given
beside the circles (see Table 1).

Mable & Adam (2007) (Fig. 1). A genetic analysis of the
18 populations studied here indicated that they comprised
two ancestral clusters, eastern and western, and that both
clusters contained selfing populations (Willi & Maéittinen,
2010). Populations of A. /yrata in this region vary in surface
area from a hundred square meters to a hundred hectares,
and the species occurs in two distinct habitat types: sand
and rock. Hence, A. lyrata shows natural variation in several
population features suspected to influence N, and genetic
drift. This study evaluates their relative importance by
assessing their relationship to the expected heterozygosity
Hg, which depends solely on N, and mutation rate in the
absence of substantial gene flow (Crow & Kimura, 1970;
Ohta & Kimura, 1973). Indeed, gene flow among popula-
tions of A. lyrata is relatively low. Gaudeul er al. (2007)
reported significant genetic differentiation over distances of
a couple of hundred meters in Scandinavian populations,
and we found that our two closest outcrossing populations,
only 2.5 km apart, had a significant pairwise Fs1 of 0.13
(Willi & Miittinen, 2010).

Materials and Methods

Plant material and census size

In summer 2007, we collected plant and seed material from 15
populations of Arabidopsis lyrata L. O’Kane and Al-Shehbaz
and one population of Arabidopsis thaliana L. Heynh. in
the Great Lakes region of the USA (Fig. 1; Table 1). At
each site, green tissue and at least one ripe fruit (silique)
from 30 plants were collected at 5-m intervals along three
parallel transects separated by 5 m, over a grid area of
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Table 1 The 18 Arabidopsis lyrata and one Arabidopsis thaliana populations, sorted according to their multilocus outcrossing rate ¢,

Lat. N/ Density N fam./ N

Site name Long. W Sub. Area(m?) (m™2)  Censussize NF1 tm £ SD FO m He + SD

Ludington, MI 44.01/86.48 Sand 1633500 6.8 11 107 800 30/181 1.030 + 0.055 30 -0.00494 0.366 + 0.226
Zion, IL 42.42/87.80 Sand 1727250 3.6 6218 100 30/178 0.974 + 0.045 30 -0.04639* 0.499 + 0.234
Saugatuck, MI 42.70/86.20 Sand 31956 4.9 157 650 30/181 0.966 + 0.021 31 -0.04437** 0.484 + 0.243
Pictured Rocks, MI  46.67/86.02 Sand 750 0.9 700 35/201 0.961 +0.035 35 -0.03117* 0.255 + 0.264
Helderberg, NY 42.66/74.02 Rock 400 04 164 26/150 0.957 + 0.032 26 -0.06401** 0.464 + 0.230
Peekskill South, NY  41.30/73.98 Rock 250 1.7 417 28/167 0.934 + 0.023 30 -0.01186 0.435 £ 0.293
Erie, A. lyrata, PA 42.17/80.07 Sand 8340 34.0 283 560 30/177 0.934 + 0.058 30 -0.01460 0.253 + 0.245
Portage, IN 41.61/87.19 Sand 42 181 3.5 146 227 32/178 0.907 £ 0.040 32 -0.03163* 0.440 + 0.287
Apostle Islands, WI  46.73/90.81 Sand 1366 4.7 6375 30/182 0.903 + 0.034 30 -0.06325** 0.429 + 0.260
Peekskill North, NY  41.32/73.99 Rock 290 2.0 182 26/156 0.881 +£0.036 26 -0.01815 0.405 + 0.322
Beaver Island, MI 45.75/85.50 Sand 8129 5.1 41187 31/185 0.878 + 0.037 31 -0.03913*) 0.351 + 0.283
Friedensville, PA 40.57/75.40 Sand’ 6333 1.2 7600 31/182 0.870 £ 0.090 30 -0.01428 0.214 £ 0.273
Dover Plains, NY 41.73/73.56 Sand’ 10362 355 367 506 31/181 0.827 +0.118 31 0.01732 0.283 + 0.215
Keweenaw, MI 47.38/87.96 Sand 750 1.5 1150 30/185 0.574 £ 0.065 30 -0.11513** 0.251 + 0.217
Rondeau, ON 42.26/81.85 Sand 466 200 3.9 1802 640 30/162 0.215 + 0.192 (30) 0.05673 0.080 + 0.110
Isle Royale, MI 48.16/88.45 Rock 2550 04 1037 33/183 0.134 £ 0.045 34 -0.05057 0.136 £ 0.219
Toledo, OH 41.62/83.79 Sand 2250 7.6 17 100 22/106 0.075 = 0.124 (22) -0.02298 0.100 + 0.183
Long Point, ON 42.58/80.39 Sand 586 5.7 3315 15/56 0.056 + 0.040 (15) -0.04983 0.053 + 0.145
Erie, A. thaliana, PA 42.01/80.38 Sand 5618 10.6 59 546 29/165 0.050 + 0.290 24 -0.11891* 0.051 + 0.085

At Friedensville, the substrate was gravel, whereas, at Dover Plains, the substrate was a mixture of mostly sand and some eroding limestone.
The table lists site names with the State/Province in North America, geographic location, substrate type, area of continuous occurrence, local
density, census size (area x local density), number of seed families and offspring assessed per population for estimating ¢, (N fam./N F1), ¢,
with standard deviation (SD), number of plants sampled in the field for population genetic analysis (N FO, inferred genotypes in parentheses),
coefficient of spatial genetic structure m (P values of randomization test: (*), P < 0.1; *, P < 0.05; **, P < 0.01) and expected heterozygosity

He averaged over 10 microsatellite loci with standard deviation.

10 m X 45 m. If no plant with ripe fruits was found within
2.5 m of a grid point, we located a replacement plant along
a 5-m extension of one of the transects. Transect sampling
could not be applied in three populations of A. lyrata occur-
ring on rocky outcrops, because plants grew in patches.
There, plants were sampled such that distances within
patches of occurrence were maximized and the combined
surface area of the patches sampled was ¢ 450 m*. We
noted the location of each plant by measuring its distance
and angle from the nearest grid point, so that we could pre-
cisely reconstruct the spatial sampling scheme. Seeds from
three additional populations at Long Point and Rondeau,
ON, Canada, and Toledo, OH, USA, were kindly provided
by B. Mable. Her material was collected in a comparable
manner, although over a somewhat larger area.

The census size at each site was estimated as the surface
area occupied by the species multiplied by a measure of
mean local density. This rough estimate of census size com-
bined information on the area of the available habitat and
local habitat suitability, two measures that made sense in
both sandy and rocky habitats. The surface area was
estimated by mapping all patches with Arabidopsis and
summing their area. Patch boundaries were recognized by
an absence of aggregations of plants (< 20) for at least
100 m. In 14 of the 18 populations, the distance to the
next site was actually many hundreds of meters or kilo-
meters, based on our surveys and local species’ distribution
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databases. Density estimates came from the three sampling
transects. At each of the 30 grid points, all bolted plants
were counted over a surface area of 0.25 m”. For the small-
est three populations, we produced a more precise estimate
of census size by counting all bolted plants. These data were
collected in June/July 2007 for most populations and in
June 2009 for Long Point, Rondeau and Toledo. We
revisited Zion, Portage, Saugatuck and Ludington in 2009
for more precise mapping. Populations were generally
past peak flowering at the time at which we estimated the

density.

Mating system, genetic structure and genetic diversity

Microsatellite genotyping was used to reveal the mating
system and extent of spatial genetic structure within popula-
tions, and to assess genetic diversity. The analysis of the
mating system involved both field-collected plant material
and offspring raised from seeds of these plants. The other
two analyses involved only field-collected maternal plants,
except for three populations (Long Point, Rondeau and
Toledo), for which we had no maternal plant material, but
reconstructed the most likely maternal parent based on
offspring genotypes.

Microsatellite genotyping We genotyped maternal plants,

for which tissue had been dried in silica gel immediately after
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sampling, together with six offspring per maternal plant that
were reared in the glasshouse (Willi & Miittinen, 2010).
Plant tissue was disrupted and DNA was isolated accord-
ing to the DNeasy 96 Plant Kit protocol (QIAGEN,
Hombrechtikon, Switzerland). Genotyping for population
genetic analysis involved 10 microsatellite loci, 8-10 of which
were used to genotype also the progeny array. The loci were
ADHI1, AthDET1, AthZFPG, ATTSO392, ELF3, F20D22,
ICE12, ICE13, ICE14 and LYR417 (Clauss ez al, 2002;
Mable & Adam, 2007; Muller ez al., 2008). Reactions were
run and fragments were analyzed according to Willi &
Miittinen (2010).

Pre-analysis of microsatellite data Maternal genotypes
were used to check for pairwise linkage and the presence of
null alleles. Linkage among the 10 loci was evaluated using
the program Genepop v4.0.10 (Raymond & Rousset,
1995). Tests for genotypic linkage disequilibrium revealed
no significant linkage patterns (two of 45 pairwise compari-
sons of genotypic linkage disequilibrium between loci with
0.05 > P> 0.01, all others P> 0.05; Markov chain para-
meters: dememorization 10 000; batches 100; iterations per
batch 5000). We checked all population—locus combina-
tions for the presence of significant null alleles with the
program INEst, which simultaneously estimates null
alleles and inbreeding coefficients (Chybicki & Burezyk,
2009). We excluded monomorphic loci (see Supporting
Information Table S1) and implemented the individual
inbreeding model of INEst with 10 000 iterations. Across
123 polymorphic A. lyrata population—loci combinations,
17 population—loci showed significant evidence of null

alleles (Table S1).

Mating system We used genotypes of the sporophytes and
offspring to estimate the proportions of offspring produced
by outcrossing and selfing for each population separately.
Loci that showed significant evidence of null alleles or were
not polymorphic within a particular population were excluded
from the analysis. Multilocus outcrossing rates £, were deter-
mined by inference of parentage based on the most likely
parent with the program MLTR v3.2 (Ritland, 2002). To esti-
mate standard deviations, the bootstrap number of resampling
entire families was set at 1000. This analysis also revealed the
inferred maternal genotypes for the three populations of Long
Point, Rondeau and Toledo.

Within-population spatial genetic structure We measured
the degree of genetic structure over a spatial range of
3-47 m, the distance range sampled by our grid/transect
approach, by estimating the rate at which relatedness
declined with distance. Moran’s / was calculated for all pairs
of maternal plants and regressed against the log.-transformed
distance between plants (cm) with the program SPAGeDi
v1.3 (Hardy & Vekemans, 2002; jackknifed mean estimates;
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P values based on 10 000 permutations of locations). The
slope of the regression line, here called the coefficient of
spatial genetic structure 7, was interpreted as the strength of
genetic structure over the spatial scale sampled (Vekemans
& Hardy, 2004). Moran’s /is a product-moment correlation
coefficient that is not influenced by the selfing rate (Hardy &
Vekemans, 1999). In one population, Erie, PA, we sampled
and genotyped an extra 30 plants at a second 10 m X 45 m
grid, 100 m away from the first grid, to determine the
repeatability of our estimate of spatial genetic structure.

It could be argued that high gene diversity facilitates the
detection of genetic structure, and therefore we tested
whether 7, the relationship between Moran’s /and the log-
transformed geographic distance, was influenced by the
amount of gene diversity at each site. The analysis asked
whether Moran’s 7 for all pairs of plants within all popula-
tions and for all loci was influenced by geographic distance,
Hg at the level of locus/population and the interaction
between distance and Hg. Population and locus were crossed
random subjects. A distance-by- Hy interaction would indi-
cate that the degree of spatial genetic structure in a
population was dependent on Hg. The analysis was per-
formed with the Ime4 package in R (Baayen ez al., 2008).

Genetic diversity We estimated Hg for each locus after
adjusting for sample size (SPAGEDI v1.3). In addition, we
assessed the inbreeding coefficient Fg (INEST) and allelic
richness and number of private alleles adjusted for unequal
sample sizes by rarefaction (HP-RARE; Kalinowski, 2005)
(Table S1). For diploids, Hg corresponds to Nei’s gene
diversity H; (Nei, 1973). Over the course of acquiring the
genotypic data, it became clear that rock populations,
despite their small size, had high genetic diversity, and
therefore substrate type was included as a factor in the anal-
yses. In addition, a parallel study of population divergence
discovered that the 18 A. /yrara populations comprised two
clusters, western and eastern, with the split through Lake
Erie and evidence for a contact zone on Lake Superior
(Willi & Miittinen, 2010). Therefore, we checked whether
Hy, differed between the two clusters, and tested whether
population means of Hg were dependent on the outcrossing
rate, spatial genetic structure, substrate type and census size
using type III sum of squares (proc GLM with centered
covariates; SAS Institute, 2002). We evaluated the indepen-
dence of the covariates by Pearson or Spearman correlations,
and tested all variables for spatial autocorrelation using
Mantel tests (program zt; Bonnet & Van de Peer, 2002;
10 000 permutations). The extent to which H was reduced
in selfing populations was calculated and analyzed according
to Foxe et al. (2010).

We checked whether a lack of spatial genetic structure
was the result of a recent decline in /V,, possibly caused by
local disturbance. The principle of the analysis is that, after
a decline, Hg is higher than the equilibrium Hi expected
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from the observed number of alleles (Bottleneck v1.2.02;
Cornuet & Luikart, 1996). We assumed a two-phase
mutation model with 70% stepwise mutations and a vari-
ance of 30 (10 000 iterations). We excluded loci that were
monomorphic (or with a second allele occurring only
once) or had significant null allele frequencies (Table S1).
For the outcrossing populations (#, > 0.8) and the one
mixed mating population (%, = 0.6), the assumption of
Hardy—Weinberg equilibrium (HWE) was fulfilled (tested
with Genepop; Markov chain parameters: dememorization
10 000; batches 100; iterations per batch 5000), with P
values > 0.1, except Erie with P = 0.0869. By contrast, the
four populations with the highest mean selfing rate had
significant deviations from HWE because of an excess
of homozygotes (Rondeau: P = 0.0022; Isle Royale: P <
0.0001; Toledo: P = 0.0008; Long Point: P = 0.0100).

Results

The mating system, spatial genetic structure, habitat
and census size

Thirteen of the 18 A. lyrata populations had a multlocus
outcrossing rate #,, > 0.8, and therefore can be considered to
be largely outcrossing (Table 1). Three populations were
predominantly selfing (%, < 0.2), one was on the verge of
predominant selfing (#, < 0.215) and another had a value
typical of mixed mating (#,, = 0.574). The selfing and mixed
mating populations occurred around Lake Erie and on Lake
Superior, and both lakes also had outcrossing populations
on their shores (Fig. 1). The single population of A. thaliana
had an outcrossing rate of nearly zero, confirming the selfing
reproductive mode of this species (Table 1).

Spatial genetic structure was present in some populations
of A. lyrata and in A. thaliana (Table 1). One population,
Erie, was assessed for spatial genetic structure in two places
separated by 100 m, and coefficients of spatial genetic
structure were similar (7, the relationship between Moran’s
I and the log-transformed geographic distance + standard
error: —0.019 + 0.008 and —0.015 + 0.020). For three of
the rock populations, we had good sample sizes at distances
below 3 m and could therefore explore the consequences of
sampling the other populations only over the range of
3-47 m (Fig. 2). Helderberg, but not the two Peekskill
populations, showed evidence for small-scale spatial struc-
ture, and this was similar when considering only the range
of 347 m (Table 1). In addition, spatial genetic structure
was not influenced by gene diversity: we detected no inter-
action between log-transformed geographic distance and
Hgp at a locus in their effect on Moran’s 7 (P> 0.8).
Population census size varied over nearly five orders of
magnitude, from ¢. 180 plants to a few million (Table 1).

The features of A. lyrata populations were largely unre-
lated to one another, except for census size and substrate type
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Fig. 2 Mean Moran's | of three distance classes (0-3 m, 3-7 m
and 7-20 m; jackknifed estimates) for three rock populations of
Arabidopsis lyrata: Helderberg (He), Peekskill-South (Pe-S) and
Peekskill-North (Pe-N). For each distance class, the mean spatial
distance (d) and sample size (n) are reported. Small-scale spatial
genetic structure was present in Helderberg, but not in the two

Peekskill populations.

(Table S2). Rock populations were significantly smaller than
sand populations (V= 18, = 3.33, P = 0.0042; Fig. 3a)
because they covered smaller surface areas and tended to have
lower densities, the latter as a result of plants growing only in
crevices (Table 1). The estimates of multilocus outcrossing
rate and spatial genetic structure were not significantly corre-
lated with each other (» = —0.05, P > 0.8). Hg and the four
population features showed no significant evidence of spatial
autocorrelation (coefficients: —0.09 for Hg, —0.10 for ¢,
0.09 for spatial genetic structure, 0.06 for census size and
0.27 for substrate; all P> 0.01; Bonferroni-adjusted
o = 0.01). The trend was that nearby populations were
somewhat similar in substrate type.

Recent demographic history estimated from genetic mark-
ers was unrelated to the variation in spatial genetic structure.
Four of the 18 populations, Zion, Saugatuck, Helderberg
and Erie, were judged to have declined recently because they
showed gene diversity excess across loci, although these
would not be significant under Bonferroni correction (one-
tailed Wilcoxon tests; P = 0.019, 0.019, 0.020 and 0.047;
Bonferroni-corrected ot = 0.0125). There was no association
between the coefficient of spatial genetic structure and evi-
dence for bottleneck (no = 0, yes = 1; Mann—Whitney test,
N=18, Z=-1.01, P> 0.1). Indeed, the difference in
means was opposite from that expected if the absence of
genetic structure was caused by recent bottlenecks.

The relative importance of mating system, genetic
structure, habitat and census size on genetic variation

Hg, was not significantly different between the eastern and
western clusters of populations (£ > 0.5), and therefore
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Fig. 3 Census size (a) and mean
heterozygosity H across 10 microsatellite
loci (b) of 18 populations of Arabidopsis
lyrata on two types of substrate (sand and
rock). Closed symbols, outcrossing

s populations with ¢, > 0.8; open symbols,
populations with a selfing or mixed mating
reproductive mode. Rock populations are
significantly smaller in census size but, given
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cluster was not included in further analyses. Table 2
summarizes test statistics for the relationship between Hy
and the mating system, spatial genetic structure, substrate
type and census size. Hg differed significantly between
substrate types, and was positively associated with multilo-
cus outcrossing rate and census size, and negatively
associated with the coefficient of spatial genetic structure.
Rock populations had higher levels of Hg (Fig. 3b). More
outcrossing, more structure and larger census size implied
greater heterozygosity (Fig. 4). The proportion of variation
in type III sum of squares of Hg explained by the four
independent variables indicated that the mating system
was more important than the other three (%,, 60%; sub-
strate type, 10%; m, 9%; census size, 6%). Predicted
differences in Hp between populations with the most
extreme parameter values were calculated on the basis of
estimates from the fitted model. The predicted difference
in Hg between the most selfing and the most outcrossing
population was +0.32, between sand and rock populations
+0.14, between the most spatially structured population
and the least structured —0.24, and between the smallest
and the largest population +0.18. Results from only the
outcrossing populations revealed somewhat stronger effect

Substrate

Rock their size, harbor high levels of gene
diversity.

sizes (Table 2), possibly because selfing populations exhib-
ited little variation in Hg.

In secondary analyses, we investigated how the mating
system influenced several additional population genetic para-
meters (Table S3). Selfing and mixed mating populations
had a significantly lower fraction of polymorphic loci than
outcrossing populations (mean + SE for selfing/mixed mat-
ing vs outcrossing populations: 0.42 + 0.10 vs 0.81 + 0.03;
exact Wilcoxon two-sample tests, P = 0.002; Bonferroni-
adjusted o = 0.01), together with reduced mean allelic rich-
ness R, (1.46 + 0.13 vs 2.86 + 0.16; P = 0.000) and higher
inbreeding coefficients Fis (0.560 + 0.079 vs 0.063 + 0.026;
P =0.000). The two types of population did not differ
significantly in the number of private alleles per locus
(P = 0.025). There was a linear relationship between H and
I, even after correcting for spatial genetic structure, substrate
type and census size, and after adjusting for inbreeding caused
by selfing [F wuned = He (1 + {(1=,)/2=(1=1,)])]. The
estimated slope was 0.214 (+ 0.055 SE, N =18, = 3.90,
P =10.0013), and the mean Hg ,gjused values for the four
selfing and the 13 outcrossing populations were 0.209 and
0.386, respectively. This shows that selfing reduced N, by
more than two-fold relative to outcrossing.

Table 2 Linear models testing the effect of population multilocus outcrossing rate (¢,,,), coefficient of spatial genetic structure (m; negative
values indicate high structure), substrate type and census size on expected heterozygosity He of populations of Arabidopsis lyrata

Dependent variable

He, all populations

He, outcrossing populations

Source of variation Estimate SE t value P Estimate SE t value P
Intercept 0.273 0.019 14.54 < 0.000 0.329 0.019 16.93 < 0.000
tm 0.328 0.046 7.15 < 0.000

Coeff. of spatial struct., m -1.409 0.514 -2.74 0.017 -2.956 0.705 -4.19 0.002
Substrate: rock rel. to sand 0.144 0.050 2.88 0.013 0.198 0.052 3.78 0.004
logo(census size) 0.037 0.016 2.33 0.037 0.050 0.014 3.45 0.007

All populations: n = 18, R? = 0.85; outcrossing populations only: n = 13, R? = 0.76. P values < 0.05 are indicated in bold.
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(a) 0.6 -

Fig. 4 Relationships between mean heterozygosity (Hg) and the
population-level multilocus outcrossing rate ¢, (a), the coefficient of
spatial genetic structure m (b) and census size (c) across replicate
0.5+ TT¢ | populations of Arabidopsis lyrata. Spatial genetic structure was the
b i slope of the regression of Moran's | among pairs of plants against
= |L spatial distance. High levels of gene diversity were associated with
0.4+ k - high mean outcrossing rates, strong spatial genetic structure within
the population (more negative values of m) and large census size.
See Table 2 for test statistics. Symbols are population means

0.3+ , . (n = 18/all populations in a; n = 13/outcrossing populations with
=S H tm > 0.8in b and ¢) with = 1SD or + 1SE in (a). In (b) and (c), the
population mean Hg are residuals from a model without spatial
genetic structure and census size, respectively (including only
outcrossing populations).

024 T

Population mean H, + 1SE

Ta
0.1+

T ! Discussion

0.0

: : : : Genetic variation within populations of A. lyrata is affected

00 03 06 0.8 1.0 strongly by the mating system and, to an appreciable extent,

Multilocus outcrossing rate, ¢+ 1SD by spatial genetic structure, habitat type and census size.

(b) o Remarkably, the four variables together explained more

than 80% of the variation in Hg. When only outcrossing

populations were considered, the last three factors still

° explained 76% of the variation in Hg. These results are

0.1 e important because they illustrate the relative magnitudes of
J several processes affecting genetic drift.

e . The mating system was the most important factor in

S e determining gene diversity. The range of mating systems

* R exhibited by A. lyrata in the Great Lakes region of North

yd America has been shown previously to vary from selfing to

) outcrossing (Mable er al., 2005; Mable & Adam, 2007;

0.1 o / N Hoebe ez al., 2009). The reproductive modes of mixed mat-

7 d ing and selfing were found here and in previous studies to

0.0

Residual Hg

result in small numbers of polymorphic loci, low levels of
gene diversity and high inbreeding coefficients, as predicted
by theory. However, our results deviate from the expecta-
tion that pure selfing decreases N. by one-half compared
with an outcrossing population (Pollak, 1987). The N, of
selfing populations in our study was ¢. two to three times
lower than that expected if selfing reduced N, by half.
Assuming a stepwise mutation model and a mutation rate
of ft = 1074, our Hy, values corrected for all population dif-
ferences, including inbreeding caused by selfing, would
- occur at NN, = 745 for selfing populations and N, = 2060
-— for outcrossing populations (Ohta & Kimura, 1973).

Under the infinite alleles model, the corresponding values
— of N, are 660 and 1570 (Crow & Kimura, 1970).
Therefore, other forces enhancing genetic drift must be at

_0-2 T T T
Low structure  0.00 -0.03 -0.06
Coeff. of spatial genetic structure, m

©) 45-

0.1+ °

Residual H
o
o
1
°

° play in selfing populations. On the basis of theoretical work,
=014 . these could include selective sweeps within populations or
selection against deleterious mutations under strong linkage,
fluctuations in size or recurrent extinctions and recoloniza-
tions of local demes (Caballero, 1994; Charlesworth &
1(')2 163 1(')4 165 166 167 Wright, 2001; Ingvarsson, 2002). Alternatively, in the occa-

Census size sional event of pollen movement over large distances, selfing
populations may be less likely to accommodate gene flow.
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A recent study of A. lrata did not find greater than the
expected decline in Hg in selfing populations (Foxe ez al.,
2010), but this may be explained by confounding effects of
habitat, within-population structure and census size.

We found that spatial genetic structure caused by limited
gene flow was positively associated with population genetic
variation (Fig. 4b). Theory shows that subdivision can have
nearly any effect on among-deme Hg. For example, in a
linear stepping-stone model, if the migration rate among
local demes exceeds a threshold value, the whole population
behaves as if it were panmictic, and the rate of loss of
heterozygosity is 1/[2Ny], where Nr is the effective size of
the whole population (Maruyama, 1970; reviewed in
Felsenstein, 1976). If the migration rate is below this
threshold, the rate of loss of heterozygosity depends neither
on the local size nor on the size of the whole population,
but on the number and spatial layout of demes, together
with the migration rate (Felsenstein, 1976). Under such
conditions, subdivision can enhance the total effective size.
By contrast, Whitlock & Barton’s (1997) model suggested
that subdivision increases NV, only under restricted condi-
tions of low variance in size and reproductive output of
local demes. Our discovery that genetic diversity and spatial
genetic structure are connected in A. Jyrata is important,
even without a well-understood mechanism. Spatial
genetic structure within populations is common, particu-
larly in plants (Heywood, 1991), and may be an overlooked
but quantitatively important driver of the maintenance of
genetic variation.

Two alternative interpretations of the relationship
between Hj and spatial structure seem less likely. One inter-
pretation is that both spatial genetic structure and high
heterozygosity are by-products of reduced disturbance.
Under this scenario, disturbance destroys spatial genetic
structure and simultaneously reduces N, by creating local
bottlenecks and extinctions. If this explanation were true,
we would expect to find genetic evidence of recent bottle-
necks in populations with low spatial genetic structure. This
was not observed. We found no evidence that gene diversity
in the less-structured populations was higher than expected
based on allele numbers, which implies that /N, has not
declined recently in these populations (Cornuet & Luikart,
1996). Another interpretation of Fig. 4(b) is that an inter-
action between spatial genetic structure and the sporophytic
self-incompatibility system is responsible for the patterns of
genetic diversity. If the S-locus is under frequency-depen-
dent selection (Wright, 1939) and therefore neutral markers
are under associative balancing selection, we would find
increased NV, and genetic diversity under spatial structuring.
However, Cartwright's (2009) simulations showed that
allelic diversity at a neutral marker unlinked to the S-locus is
hardly influenced by whether the species is self-incompatible
or outcrossing with the random occurrence of biparental
inbreeding.
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Census size was also related to gene diversity and genetic
drift. However, given that census size varied over five orders
of magnitude, the predicted difference of —0.18 in H
between the largest and smallest populations was slight. The
most important reason may be that all large populations
occurred on sand and the largest ones on lake shores. Such
habitats are generally prone to disturbance, so that the
populations may never reach equilibrium Hg. Nevertheless,
disturbance and population fluctuations must be limited in
occurrence over space and time, even in the largest popula-
tions, because of the positive relationship found between
census size and H.

Unexpectedly, we found that gene diversity was consider-
ably higher on rock substrates than on sand. Two potentially
confounding factors, census size and spatial genetic structure,
can be excluded on the basis of our results. Rock populations
had significantly lower census sizes than sand populations,
and were not more spatially structured. Another explanation
for the high diversity on rock is that the three rock popu-
lations in the east are remnants of once larger and more
connected populations. Perhaps high diversicy has been
maintained by relatively stable environmental conditions and
longer generation times on rocky outcrops than on lakeshore
sand dunes, slowing down the decay of gene diversity. By
contrast, some of the sand populations, although not situated
on dynamic outer dunes, may have experienced more distur-
bance from wildfire and the movement of sand. If this is true,
then genetic drift would have been enhanced by fluctuations
in census size caused by phases of withdrawal and population
extension (Caballero, 1994). Disturbance also tends to
shorten the generation time, and this could accelerate the
process of genetic drift in sand populations. Although this
explanation is speculative, it is interesting to note that the
substrate type has a strong impact on population genetics.

Several studies have reported that the North American
subspecies of A. lyrata (A. lyrata lyrata) shows less genetic
variation than the Eurasian subspecies petraea (Wright
et al., 2003, 2006; Muller ez al., 2008). Our results suggest
that the North American samples in these studies may not
be typical for the subspecies /yrata or may come from sandy
sites with less genetic diversity to begin with. One of the
two sites in Wright ez /. (2006) was a selfing population,
Rondeau, and the North Carolina site in Muller et al.
(2008) had especially low gene diversity for outcrossing
A. lyrata lyrata. The European populations included in
Muller et al. do not differ in Hg from the outcrossing ones
studied here. Our study also shows that the small-scale
spatial genetic structure within the first few meters, reported
by Clauss & Mitchell-Olds (2006) and Lundemo ez 4/
(2010) in European populations, may not be the general
rule. One of the three populations shown in Fig. 2 had
small-scale spatial structure, but the other two did not.

In conclusion, we have discovered that factors other than
census size play an important role in determining the levels
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of neutral genetic diversity and genetic drift. Among the
factors that have been previously overlooked are the within-
population spatial genetic structure and habitat. In particular,
spatial genetic structure appears to reduce genetic drift on
a population level, whereas limited pollen dispersal via self-
fertilization affects drift in the opposite direction. Therefore,
selfing may have a debilitating impact on the micro-evolu-
tionary fate of populations by decreasing adaptive potential
(Morran ez al., 2009), whereas factors such as spatial genetic
structure, stable rocky substrate and large census size are likely
to enhance the evolutionary potential of populations (Willi
et al., 2006; Hoffmann & Willi, 2008).
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