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Spatial genetic structure of Delphinium
nuttallianum populations: inferences about
gene flow
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The spatial genetic structure of a plant population provides a potential record of past gene flow and
mating. We used hierarchical F-statistics and spatial autocorrelation to characterize spatial genetic
differentiation of allozymes in adult Delphinium nuttallianum plants within and among six natural
populations separated from one another by up to 3 km. Previous direct estimates suggested that gene
flow is highly localized, averaging << 10 m. Earlier studies of seed-set, pollen-tube growth and progeny
fitness suggested that partial reproductive isolation exists between plants growing too close together
(<3 m) and too far apart (> 100 m). Thus we anticipated substantial genetic differentiation on scales
of a few to hundreds of metres. However, we detected little differentiation among the six populations,
among replicate study plots within populations, or among subsections of study plots, except at the
smallest scale of cm to m. These results suggest that relatively rare long-distance pollen movement has
gone undetected and that postpollination selection may further modify genetic structure during the
life cycle. Lack of differentiation is not at odds with the observation of partial reproductive isolation,
because some loci may respond to spatial variation in selection without this response being evident at
marker loci.
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autocorrelation.

Introduction

Patterns of mating and seed dispersal determine the
initial spatial distribution of genotypes within and
among plant populations (Wright, 1946, 1951;
Crawford, 1984; Waller, 1993). It follows that spatial
genetic structure may provide clues to past events of
dispersal and mating, and this logic has engendered two
well-recognized indirect methods for inferring gene
dispersal, F-statistics (Wright, 1951; Weir & Cocker-
ham, 1984) and spatial autocorrelation (Sokal & Oden,
1978). Although patterns of pollen and seed dispersal
are broadly correlated with plant genetic structure
(Hamrick & Godt, 1990), direct and indirect estimates
of gene flow often disagree (e.g. Levin, 1981; Heywood,
1991; Slatkin, 1994; Williams, 1994; Berg & Hamrick,
1995). Such deviations from expectations based on the
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dispersal of neutral alleles provide insight into the
myriad of forces that can influence genetic structure,
including selection, genetic drift, inbreeding depression,
and other postpollination events; furthermore they
suggest fruitful avenues for additional research.

The larkspur Delphinium nuttallianum provides an
example of the disagreement between direct and indirect
estimates of gene flow. Pollinators appear to move most
pollen < 10 m within populations of this species, leading
to a prediction of genetic differentiation over distances
of a few m to hundreds of m (Waser, 1987, 1988).
Furthermore, reproductive success of plants, and long-
term fitness of resulting offspring, are greatest following
crosses over an intermediate distance, and decline both
in crosses between neighbours and between plants tens
to hundreds of m apart (Price & Waser, 1979; Waser &
Price, 1991, 1994). Such spatially structured partial
crossing barriers (or inbreeding and ‘outbreeding’
depression) independently suggest local genetic differ-
entiation. However, an initial survey of allozymes
detected little spatial genetic structure over distances
up to =200 m (Waser, 1987).
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In this paper we report on a more thorough study of
genetic differentiation within and among six natural
populations separated by 750-3250 m. We conclude, as
did Waser (1987) that differentiation is minimal. We
discuss some possible reasons for the discrepancy
between direct and indirect estimates of gene flow, and
point out why the lack of genetic structure does not
necessarily contradict observations of inbreeding and
outbreeding depression.

Methods

Natural history

Nuttall’s larkspur, Delphinium nuttallianum Pritzel
(Ranunculaceae) (= D. nelsonii Greene), is a small
herbaceous perennial common in dry subalpine mead-
ows in the western USA. Plants flower from mid-May to
early July near the Rocky Mountain Biological Labo-
ratory (RMBL) in Colorado, at ¢. 2900 m elevation,
typically producing 2-15 blue, zygomorphic, pro-
tandrous flowers in a single raceme. Plants do not
reproduce vegetatively and there is virtually no dormant
soil seed bank. Reproductive maturity is reached in 3—
7 years or more (Waser & Price, 1994). The principal
pollinators are broad-tailed hummingbirds (Selasphorus
platycercus) and queen bumblebees (primarily Bombus
appositus and B. flavifrons).

107° 00" W

3500 m

38057' 30" N

40 m

Population sampling

We sampled two populations in 1991 and 1992 and four
more in 1995. Five of the six populations lie in the same
East River Valley and span an approximate north—south
transect 3250 m long (Fig. 1). The sixth population lies
1000 m up the tributary Copper Creek Valley. In each
population we sampled two (in one case three) plots
=100 m apart. Each plot was further subdivided into
four subplots. With this design we were able to examine
genetic differentiation on scales ranging from ¢. 1000 m
(among populations) to =100 m (among replicate plots
within populations) to =10 m (among subplots within
plots) to <10 m (individuals within mapped plots, see
below).

The details are as follows. In 1991 we sampled two
populations separated by 1500 m, hereafter Judd Falls
(JF) and Kettle Pond (KP). In each population, two
20 x 40 m plots separated by 100 m (hereafter JF A
and B; KP A and B) were gridded into 32 quadrats
each of 5x 5 m (Fig. 1 inset). We intensively sampled
the central 10 x 10 m area of each plot, comprising
four 5 X 5 m quadrats, by collecting leaf material from
165 to 200 flowering adults whose locations were
mapped (two individuals m > when present). When
present, five adults were also sampled and mapped
within each of the 28 surrounding quadrats (Fig. 1
inset, unshaded quadrats). Densities of adults were

Fig. 1 Locations of the six Delphinium
nuttallianum populations sampled in
1991-95 near the Rocky Mountain Bio-
logical Laboratory (RMBL). Population
abbreviations are as follows: 401, Trail
401; CR, Carpenter Road; JF, Judd
Falls; CC, Copper Creek; RM, Research

Meadow; KP, Kettle Pond. Two plots

20m (or three at KP) =100 m apart were

i

sampled in each population. Expanded

diagrams in the lower right-hand corner
show the arrangement of 5 X 5 m quad-
rats in each of the two 20 x 40 m plots
in the Judd Falls and Kettle Ponds

100 m

populations sampled intensively in 1991

(JF A and B, KP A and B). The shaded

i

central four 5 X 5 m quadrats in each

plot were sampled most intensively.
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7.7m? in JF A, 11.7m” in JF B, 82m * in KP A,
and 8.5 m 2 in KP B, and total samples ranged from
297 to 340 individuals per plot. In 1992 we sampled
161 adults in an additional plot (KP C) 200 m from the
1991 KP plots. In 1995 we sampled two plots 100 m
apart in the Trail 401 (401 A and B), Carpenter Road
(CR A and B), Copper Creeck (CC A and B), and
Research Meadow (RM A and B) populations. Each
1995 plot consisted of a 20-m transect along which we
sampled 40 adults. We analysed data from all six
populations to examine large-scale patterns of genetic
differentiation, whereas data from the four intensively
sampled 1991 plots alone were used for analysis of fine-
scale genetic structure.

Electrophoresis

Leaf material was either preserved by freezing and
lyophilizing for later processing, or kept on ice and
processed within 48 h. We ground samples in =0.25 mL
of buffer solution, soaked them into filter paper wicks
and loaded them into gels. The grinding buffer
contained 0.025 M L-ascorbic acid, 0.010 M MgCl,,
0.010 m KCI, 0.00l M EDTA (tetrasodium salt),
0.005 M sodium bisulphite, 0.006 m diethyldithiocarba-
mate, 0.200 m sucrose, 0.020% w/v PVP-40T, and
0.004% v/v p-mercaptoethanol, dissolved in 0.10 m
Tris-HCI buffer, pH 8.0. Gels were 10% hydrolysed
potato starch prepared in a microwave oven (Marty
et al., 1984). We used two gel buffer systems: ‘AC
buffer’, with an electrode buffer of 0.04 M citric acid,
anhydrous, adjusted to pH 6.7 with N-3 aminopropyl-
morpholine, and a gel buffer of 1:20 dilution of
electrode buffer (modified from Marty et al., 1984);
and ‘S6 buffer’, with an electrode buffer of 0.10 m
NaOH, 0.30 m boric acid, pH 8.6, and a gel buffer of
0.015 m Tris, 0.004 M citric acid, anhydrous, at pH 7.8
(Soltis et al., 1983). Staining schedules followed Marty
et al. (1984). We consistently resolved four enzyme
systems coding for five polymorphic loci. In AC gels
we scored two dimeric isozymes of malate dehydroge-
nase (Mdh-1 and Mdh-2), one dimeric isozyme of
phosphoglucoisomerase (Pgi-2), and one monomeric
isozyme of phosphoglucomutase (Pgm-1). In S6 gels we
scored phosphoglucomutase (Pgm-1), and monomeric
triose-phosphate isomerase (7pi-3). Mdh-1 had two
allozymes, Mdh-2 had six allozymes, Pgi-2 had eight
allozymes, Pgm-1 had three allozymes and 7pi-3 had
three allozymes. Alleles at all loci segregated in
expected Mendelian diploid fashion in progeny arrays.
In no case were there more than three common alleles
per locus; for analysis we pooled rare alleles with the
least common of these ‘major’ alleles.
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Analyses

F-statistics We calculated single-locus and multilocus
estimates of F-statistics (Weir & Cockerham, 1984;
Williams & Guries, 1994). Single-locus estimates were
tested for deviation from Hardy—Weinberg expectations
using the methods of Li & Horvitz (1953) for Fir and
Fis and Workman & Niswander (1970) for 0. 95%
confidence intervals for multilocus F-statistics were
calculated as 1.96 times the standard errors obtained
by jackknifing over loci. We carried out three different
analyses. First, we estimated hierarchical F-statistics for
all six populations. In this analysis each population
contained two plots (three for KP), and each plot
contained four subplots. The two 20 x 40 m plots within
each 1991 population were divided into four 10 x 20 m
subplots, each of which included one 5 x 5 m section of
the central intensively sampled area (Fig. 1 inset, shaded
area). The additional KP C plot was divided into four
subplots based on natural patches of plants. The two
plots (=transects) in each of the four 1995 populations
were divided into four subplots at =5 m intervals. We
estimated genetic variance among individuals in the
total sample (Fit), fixation within subplots (Fis), and
differentiation among subplots within plots (Osyg),
among plots within populations (0pror), and among
populations within the total sample (Opop). Secondly, we
estimated these same hierarchical F-statistics for the 1991
JF and KP populations alone, to confirm that these
intensively sampled populations yiclded a pattern sim-
ilar to that for all populations. Thirdly, to examine finer-
scale patterns we estimated hierarchical F-statistics
separately within each of the four 1991 plots. We
divided each 20 x40 m plot into eight 10 x 10 m
subplots (Fig. 1, inset). We estimated differentiation
among 10 x 10 m small subplots nested within
10 X 20 m medium subplots (Ospmarr), among 10 X
20 m medium subplots within 20 x 20 m large subplots
(Omepium) and between the 20 x 20 m large subplots
within the total 20 x 40 m plot (0L arRGE)-

Genetic distances To examine further the relationship
between geographical distance and genetic differentia-
tion we calculated Edwards’s (1971) pairwise genetic
distances between plots for all polymorphic loci and
performed cluster analysis on genetic distances using the
UPGMA method in the Biosys-1 computer program
(Swofford & Selander, 1981).

Spatial autocorrelation We used spatial autocorrelation
(Sokal & Oden, 1978) to examine genetic variation at the
smallest scales (a few cm to m). Spatial autocorrelations
were calculated between individually mapped plants in
each of the four 1991 plots using a program provided by
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Table 1 Single- and multilocus hierarchical F-statistics for (a) all six populations of Delphinium nuttallianum sampled in
1991-95, and (b) the two populations (Judd Falls and Kettle Pond) intensively sampled in 1991

Locus Fis Osus OpLoT Opop Frr

(a) All populations
Mdh-1 0.0745%** —-0.0017 0.0048 0.0005 0.0778***
Mdh-2 0.0425 0.0156 0.0018 0.0119%*** 0.0703***
Pgi-2 0.1101%*** -0.0014 0.0047 0.0099%%** 0.1218%*%**
Pgm-1 0.0407 —0.0028 0.0029 0.0007 0.0415
Multilocus estimate 0.0789 0.0045 0.0035 0.0094 0.0950
95% CI +0.0329 +0.0074 +0.0013 +0.0013 +0.0274

(b) 1991 populations
Mdh-1 —-0.0237 0.0016 0.0015 0.0046%*** —-0.0157
Mdh-2 0.0268 0.0130%*** —-0.0012 0.0216%*** 0.0592*
Pgi-2 0.1009%** 0.0059 0.0019 —-0.0016* 0.1065%***
Pgm-1 0.0322 0.0042 0.0008 -0.0017%* 0.0355
Tpi-3 0.1538%** 0.0050 0.0013 0.0006 0.1596%***
Multilocus estimate 0.0909 0.0072 0.0009 0.0051 0.1027
95% CI £0.0610 +0.0040 +£0.0016 +0.0123 £0.0503

See text for descriptions of population subdivisions and sampling design. Deviation of single-locus estimates from Hardy—Weinberg

expectations (Li & Horvitz, 1953; Workman & Niswander, 1970) are indicated by asterisks (4>, * P < 0.05, ** P < 0.01, *** P < 0.001).
95% confidence intervals (CI) for multilocus estimates are shown below them.

J. S. Heywood. For each locus we calculated the
autocorrelation coefficient, Moran’s /, for nearest neigh-
bour pairs of individuals and all pairs of individuals in
1 m distance intervals. For diallelic loci, autocorrela-
tions were calculated for only the most common allele.
For multiallelic loci, autocorrelations were calculated
for each allele separately. Alleles present at frequencies
less than 0.01 were lumped with the least common allele
present at a frequency >0.01. We constructed consensus
correlograms for each plot by averaging the single-locus
estimates in 1 m distance classes over the interval
0-20 m. To maintain statistical independence when
averaging single-allele estimates, we dropped the least
common allele at each locus. The null hypothesis that
Moran’s I did not differ from the mean correlation
among all individuals in the population was tested using
the standard normal deviate (SND =[/ — u]/o), under
the assumption that samples are drawn at random from
a normal distribution (Sokal & Oden, 1978). Single-
allele values of |[SNDJ| > 1.96 indicate that I differs
significantly from the random expectation at P < 0.05
(two-tailed).

Results
Large-scale differentiation within
and among populations

Hierarchical F-statistics Single- and multilocus estimates
were of small magnitude, with few single-locus estimates

of 0 significantly different from zero. Single-locus
estimates were generally concordant, and where they
were not (HSUB in all populations, 9PL0T and Hpop in
1991 populations), then multilocus estimates were not
significant (Table 1). Genetic differentiation did not
increase with greater geographical distance among
subdivisions. Differentiation among subplots (éSUB)
5-20 m apart was not significantly different from that
among populations (éPOP) several km apart. Analyses of
1991 populations alone agreed with that of all six
populations; in both cases overall genetic variance
among individuals (ﬁIT) was mostly determined by
fixation within subpopulations (I:“ I1s), 1.e. on a spatial
scale of <10 m (Table 1).

Genetic distances Pairwise Edwards’s genetic distances
between the 13 plots ranged from =0.05-0.15, once again
indicating only modest genetic differentiation. In three
cases (KP, JF and 401), plots within the same popula-
tion clustered together, but in the other three cases
clustering was between plots from nonadjacent popula-
tions (not shown). Thus a strong and consistent
relationship between genetic distance and physical
separation was not apparent.

Small-scale differentiation within plots

Hierarchical F-statistics within 20 X 40 m plots The
four 1991 JF and KP plots showed differentiation
within plots and subplots similar to that at larger
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spatial scales, i.c. ﬁrs was the major contributor to ﬁIT
in each plot (Table 2). Concordance among single-
locus F-statistics within each plot was not as consistent
as in the larger-scale analyses and few single-locus
estimates were significant (Tables 1 and 2). Multilocus
estimates of genetic differentiation at all hierarchical
levels were small, and significant only at small or
medium spatial scales (Table 2). In all but KP B the
greatest differentiation occurred among the smallest
subplots. In KP B more genetic variance occurred
between the largest subplots, but this estimate was not
significantly different from zero. Once again, therefore,
most genetic differentiation appeared to be organized
at a scale <10 x 10 m. We also detected differences in
structure among plots (Table 2). The two KP plots had
fixation indices within 10 x 10 m subplots approxi-
mately twice as large as those in the JF plots, and
somewhat higher levels of differentiation among small
subplots than the JF plots.

Spatial autocorrelation within 20 x 40 m plots Of 37
nearest-neighbour autocorrelation coefficients, Moran’s
Inn, from individual alleles in the 1991 JF and KP
plots, 23 were positive and 14 negative (Table 2). Nine
positive values were individually significant at
P < 0.05. Several significant positive values belonged
to rare alleles, suggesting that such alleles tend to be
clumped at this scale. The significant positive autocor-
relations were concentrated in the KP B plot. Whereas
the mean values of Iy across alleles were very small
or negative for both JF plots and for KP A, the mean
for KP B was 0.155, indicating the strongest local
kinship structure in that plot (Table 2). A similar story
is told by consensus correlograms for distance classes
out to 20 m (Fig. 2). The shortest distance class in
correlograms includes all joins between plants sepa-
rated by up to 1 m, including nearest neighbours. On
average, values of I were weakly positive for this
distance class in JF A and KP A plots and weakly
negative in JF B. In contrast, I at the shortest distance
class in KP B was positive and approximately five
times as large as any of the other values. Average
values of I remained positive at KP B to the third
distance class (2.01-3 m), unlike the case at other sites.
Finally, the numbers of single-allele estimates that
differed significantly from random in each distance
class also varied among plots (Table 3). Most of the
significant positive single-allele estimates were in the
KP plots in the first 5-6 m. Few significant values were
found beyond 10 m, and hence Table 3 omits these
longer distances. The KP B plot had six of seven alleles
with significant 7/ in the 0-1 m distance class. This
again suggests that KP B had more local genetic
structure than the other plots.

© The Genetical Society of Great Britain, Heredity, 83, 541-550.
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Discussion

We anticipated substantial genetic differentiation within
and among populations of D. nuttallianum, because
direct estimates indicated that gene dispersal is limited.
Seed dispersal is predominantly passive, averaging
=10 cm (Waser & Price, 1983). Median distances flown
by hummingbird and bumble bee pollinators between
successive flowers are <1 m, matching median dispersal
of fluorescent dye particles, whereas pollen is transport-
ed 1.5-1.8 times further than dye (Waser, 1988). From
this information, and applying a correction for inbreed-
ing and outbreeding depression in seed-set, Waser (1988)
arrived at = 85 plants in an area of 17 m? for the genetic
neighbourhood. With such small neighbourhoods one
expects isolation by distance within continuous popula-
tions for neutral alleles (Wright, 1946; Crawford, 1984;
Heywood, 1991), whereas at larger spatial scales ran-
dom genetic drift and/or spatially heterogeneous selec-
tion should produce variation among population
subdivisions (Wright, 1951; Cockerham & Weir, 1993;
Slatkin, 1994). However, Waser (1987) reported only
minor genetic differentiation among putative genetic
neighbourhoods. The more thorough investigation
described here reaches the same conclusion. We detected
only small amounts of genetic differentiation within and
among populations. Our estimates of =0.005-0.05 for
F-statistics, and <0.1 for Moran’s I/ between near-
neighbours are at the low end of the range of estimates
reported for widely dispersed species with predominant-
ly outcrossing mating systems (Hamrick & Godt, 1990;
Heywood, 1991; Williams, 1994). Furthermore, genetic
differentiation was not consistently related to physical
separation, as predicted by isolation-by-distance or
stepping-stone models of population structure (Wright,
1946; Kimura & Weiss, 1964). How can we explain this
discrepancy between direct estimates of restricted gene
flow, and lack of strong detectable genetic structure?
One simple possibility is that actual gene flow exceeds
our direct estimates, as do actual neighbourhood sizes.
This possibility is in accord with the results from other
outcrossing species, in which gene flow appears sufficient
to limit the isolation-by-distance process severely
(Heywood, 1991; Williams, 1994; Berg & Hamrick,
1995). We suspect that our earlier studies of D. nuttallia-
num failed to detect relatively rare long-distance pollina-
tor flights (Levin, 1981; Ellstrand ef al., 1989; Broyles
et al., 1994). An experiment by Schulke (1999) hints at the
possible effect of such flights on neighbourhood size
within continuous populations, and on the likelihood of
movement among disjunct populations such as those we
sampled at the largest spatial scale. Schulke recorded high
and consistent levels of pollen receipt and seed-set in
arrays of potted D. nuttallianum plants with emasculated
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Table 2 Single- and multilocus hierarchical F-statistics, and single-allele and average near-neighbour spatial autocorrelation coefficients, Moran’s Inn,

within the four 20 m x 40 m plots of Delphinium nuttallianum sampled in 1991

Allele N . . A ) A
Plot Locus Allele frequency plants Fig OsmarLL OMED 01 ARGE Fir Moran’s Inn
JF A Mdh-1 b 0.975 324 —-0.0200 -0.0104 0.0003 0.0096* -0.0204 —-0.051
Mdh-2 aat 0.011 324 -0.0154 0.0194* —0.0036 -0.0071* -0.0064 0.200%*
a 0.867 0.022
b 0.122 0.008
Pgi-2 a 0.179 304 0.0552 -0.0014 0.0050 —0.0053* 0.0537 0.039
bt 0.124 0.187*
d 0.697 0.041
Pgm-1 a 0.028 308 0.0933 —0.0091 0.0090 —0.0040 0.0896 -0.049
b 0.959 -0.022
ct 0.013 -0.033
Tpi-3 b 0.763 321 0.0928 0.0076 —-0.0054 0.0199%*** 0.1128* -0.057
Multilocus 0.0523 0.0046 0.0002 0.0028 0.0595 -0.009
estimate
95% CI +0.0192 +0.0043 +0.0031 +0.0074 +0.0227
JF B Mdh-1 b 0.974 340 —-0.0293 0.0057 —0.0005 -0.0016 -0.0256 -0.057
Mdh-2 a 0.874 333 0.0009 -0.0114 0.0011 0.0116%*** 0.0024 -0.033
Pgi-2 a 0.153 320 0.0359 0.0239%* —0.0079 —0.0073** 0.0446 0.025
b 0.070 0.023
ct 0.023 0.473*
d 0.752 0.092
Pgm-1 b 0.975 321 -0.0229 0.0212* -0.0119* —-0.0028 -0.0160 -0.065
Tpi-3 b 0.758 331 0.1447** —-0.0078 0.0029 —0.0021 0.1387** 0.022
Multilocus 0.0601 0.0052 —0.0023 -0.0012 0.0617 0.001
estimate
95% CI +0.0378 +0.0106 +0.0033 +0.0037 +0.0339
KP A Mdh-1 b 0.998 297 0.0046 -0.0118 0.0048 0.0011 —0.0011 —-0.002
Mdh-2 a 0.773 297 0.0944 0.0752%** —0.0306***  —0.0035 0.1339* 0.146*
Pgi-2 a 0.182 292 0.1690%** 0.0151 —0.0043 0.0013 0.1790%** -0.065
bt 0.057 0.069
d 0.760 -0.077
Pgm-1 at 0.019 292 0.0572 —0.0095 0.0038 0.0048 0.0565 —-0.041
b 0.959 —-0.089
c 0.022 -0.045
Tpi-3 b 0.825 286 0.1425%* 0.0179 0.0052 —0.0120** 0.1521%* 0.071
Multilocus 0.1301 0.0336 —-0.0096 —0.0035 0.1483 —-0.009
estimate
95% CI +0.0213 +0.0182 +0.0090 +0.0031 +0.0149
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flowers that were placed up to 400 m from the nearest
natural population. He also found that =5% of all
pollinator flights moved beyond the range of an observer,
and showed how estimates of genetic neighbourhood size
would rapidly rise into the thousands if some of these
flights were as long as several hundred m.

Despite meagre genetic differentiation at larger spatial
scales, we did find significant genetic structure at the
smallest scales of cm to m, although the pattern varied
among plots and to a lesser degree among loci. We
interpret this as a result of kinship in the seed crops of
individual plants. Progeny within seed crops are related
minimally as maternal half-sibs. Because most seeds
germinate directly under the maternal parent (Waser &
Price, 1983), we anticipate transient local kin structure
that is regenerated during every episode of seedling
recruitment. Such structure is predicted even if gene
dispersal through pollen is substantial (Van Dijk, 1987),
and has been demonstrated for maternally inherited
genes in other species (e.g. McCauley, 1997; Latta et al.,
1998). The variation in fine-scale genetic structure
among our replicate plots may also help explain
differences in the magnitude of inbreeding depression
estimated in hand-pollination experiments conducted
with D. nuttallianum at different times and localities
(Price & Waser, 1979; Waser & Price, 1983, 1991, 1994).

It is also important to recognize that processes
occurring after pollination can modify the patterns
established by patterns of mating and gene flow. For
example, the success of pollen tubes in growing to the
ovary and the final production of seeds both vary with
the distance between the two parental D. nuttallianum
plants (Waser & Price, 1991). The direct estimate of
neighbourhood size described above does incorporate
these effects, but not the possible effect of mixing pollen
from several donors on the same stigma, as often occurs
in nature (e.g. Rigney, 1995; Mitchell & Marshall, 1998).
Pollen arriving from longer distances might gain a
stronger advantage in mixtures, thus elevating effective
pollen dispersal (Rigney, 1995). Postfertilization selec-
tion might further modify the final realized genetic
structure measured in adults (Clegg et al., 1978). Such
selection might arise from inbreeding depression (and
heterosis) or outbreeding depression, with genome-wide
effects on genotypic arrays, or it might act on marker
alleles directly. In the latter regard, our single-locus
results do not indicate any strong selection on marker
loci: although we detected heterogeneity among single-
locus estimates, no locus was consistently different from
the others in its pattern of variation across replicate
plots, as expected with single-locus selection. Whatever
the mechanism, selection between seed maturation and
sexual maturity is expected to alter the genetic structure
present in the seed crop (Eguiarte et al., 1992; Tonsor
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Fig. 2 Consensus correlograms of
Moran’s / in 1 m distance intervals
averaged over alleles at the four plots of

N\ Delphinium nuttallianum sampled in
1991. The least common allele at each
locus was dropped before computing
averages. Significance tests of single-
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allele estimates used to calculate averages
are in Table 3.

Table 3 Number of single-allele autocorrelation coefficients significantly different from random (P < 0.05) in four

Delphinium nuttallianum plots sampled in 1991

Distance class

N
Plot alleles Ik 0-1m 1-2m 2-3m 34 m 4-5m 56m 6-7m 7-8 m 89m 9-10m
JFA 8 0 0 0 1 0 0 0 -1 0 0
JFB 7 0 0 0 0 0 1 0 0 0 0
KPA 7 1 1 1 1 1 3 1 0 =2 -1
KPB 7 4 6 1, -1 2, -2 2, -2 4 0 2 -1 1 -2

The least common allele at each locus was dropped before calculating the average autocorrelation coefficients in each distance class (Fig. 2).
Therefore only the number of significant single-allele estimates out of the N alleles used to calculate the average autocorrelation coefficients
are counted in the table. Negative numbers indicate significant negative coefficients.

et al., 1993; Stanton et al., 1997). Alternatively, genetic
structure might decay over the life cycle because of
sampling artifacts (Alvarez-Buylla et al., 1996). In the
future we intend to explore these possibilities using a
genetic demography approach.

Finally, it may appear that there is another discrep-
ancy to explain in the D. nuttallianum system: that
between the existence of outbreeding depression and the
lack of strong spatial genetic structure among popula-
tions. However, a lack of detectable structure at neutral
or nearly neutral markers, as we have argued our
electrophoretic markers to be, in no way implies lack of
structure at all loci. Local adaptation may evolve over a
wide range of spatial scales (reviewed in Stanton &
Galen, 1997). Loci conferring adaptation to local
edaphic and biotic conditions, for example, may show
strong spatial differentiation despite little genetic struc-
ture at neutral loci, because the amount of gene flow
necessary to counteract directional selection is far
greater than that needed to counteract random genetic
drift (Wright, 1932; May et al., 1975). Neutral markers
can hitchhike on selected loci, but only with tight

physical linkage or large selection coefficients (Clegg,
1984), and so are unlikely to mirror structure at loci
under spatially varying selection (but see Tonsor et al.,
1993). In fact, a reciprocal seed transplantation exper-
iment with D. nuttallianum did demonstrate substantial
local adaptation, and by inference genetic differentia-
tion, over a scale of 50 m (Waser & Price, 1985).
Disruption of such local adaptation offers an explana-
tion for our observations of outbreeding depression in
this species, in spite of near-panmixia at marker loci.
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