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Summary. Outcrossing rate estimates for eight accessions 
of Clarkia tembloriensis indicate that this annual plant 
species has a wide interpopulational range of outcrossing 
rate (/'= 0.03- 0.87). Populations' t estimates were signif- 
icantly correlated with observed heterozygosity and 
mean number of alleles per locus. Estimated fixation 
indices, f ,  for most populations were very close to their 
expected values, Feq, for a given /'. Nei's gene diversity 
statistics showed that the group of outcrossing popula- 
tions have more total genetic variation and less differen- 
tiation among populations than does the group of selfing 
populations. These results indicate that the breeding sys- 
tem of C. tembloriensis has had a strong influence on the 
amount and distribution of genetic variation within and 
among its populations. 
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Introduction 

The breeding system has long been thought to be a major 
determinant of population genetic structure (Wright 
1921). Outbreeding populations are expected to have 
greater alleleic diversity, higher levels of heterozygosity, 
and show less differentiation among populations than 
self-fertilizing populations (Wright 1921; Allard et al. 
1968). Most of the empirical data concerning this issue 
have come from studies of flowering plants. Population 
structure statistics of species with different breeding sys- 
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tems have been compared and the predicted patterns 
generally hold (Hamrick et al. 1979; Loveless and Ham- 
rick 1984). However, very few studies have examined the 
relationship between outcrossing rate and population ge- 
netic structure within single species with wide ranges of 
outcrossing rates (Schoen 1982b; Glover and Barrett 
1987). Intraspecific comparisons are desirable because 
interpopulation variation in the genetic background of 
the populations being studied is minimized. The more 
genetically similar the populations being compared, the 
more confidence one may have that the estimated values 
of the population structure statistics are the result of the 
breeding system and not of other unmeasured genetic or 
historical factors. 

In this paper we present data on the relationship 
between outcrossing rate and population genetic struc- 
ture in Clarkia tembloriensis Vasek (Onagraceae). This 
annual herb grows on grassy hillsides of the Temblor 
range to the west, and in the Tejon hills to the southeast 
of the San Joaquin Valley in central California. Vasek 
and Harding (1976) estimated outcrossing rates of four 
populations of C. tembloriensis, using single-locus petal 
color and shape polymorphisms. Their estimates ranged 
from i=  0.08 in a small-flowered non-dichogamous pop- 
ulation to i=  0.83 in a large-flowered protandrous popu- 
lation. In the current study we use polymorphisms at 
isozyme-encoding loci as the genetic markers for estimat- 
ing outcrossing rates and population structure statistics. 
These loci have the advantage that their phenotype is 
expressed codominantly in both maternal and in seedling 
tissue. Thus, progenies need not be grown to flowering to 
evaluate their phenotype nor is progeny testing required 
to detect heterozygotes. Also, while petal coloration 
might influence mating patterns (Brown and Clegg 1984; 
Schoen and Clegg 1985), a plant's genotype at isozyme 
loci is not likely to have any influence on outcrossing rate 



Table 1. Electrophoresis systems summary 
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Gel buffer system Current 
(mA) 

Volts 
(max) 

Run time 
(h) 

Enzymes assayed 

Histidine-citrate pH 6 
Morpholine-citrate pH 6 
LiOH-boric acid pH 8.3 
LiOH-boric acid pH 8.3 

25 
30 
75 
75-50 

150 
150 
200 
200-300 

6.5 
6.5 
4.0 
7.0 

PGM, 6PGD 
SKDH, MDH 
GDH, AAT, TPI 
PGI 

a A double-long (27 cm) gel was used to separate the allozymes of PGI 
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Fig. 1. Collection sites. Dotted lines are California county 
boundaries. Closed circles represent primarily setting popula- 
tions and open circles represent primarily outcrossing popula- 
tions. From north to south, the population designations are: 11, 
I2, CC1, CC2, CR, MK (southwest), and HC (southeast) 

by affecting pollinator behavior. We used isozyme poly- 
morphisms to estimate single- and multi-locus measures 
of outcrossing rate and several populat ion structure 
statistics for seven populations of C. tembloriensis which 
span the range of flower morphology and phenology of 
the species. 

Materials and methods 

Seven populations were sampled in 1986 and the MK popula- 
tion was sampled again in 1987 (Fig. 1). Clarkia tembloriensis is 
most often found on north-facing slopes in association with 
Haplopappus linearifolius, Isomeris arborea and several annual 
rangeland grasses. Fruits were collected from randomly-chosen 
plants with three exceptions. Two accessions (12-86 and CC2-86) 
were collected along linear transects, which were placed in the 
approximate center of the populations laterally and ran from the 
populations' lower to their upper boundaries. All plants which 
were within 10 cm of the tape were sampled. One accession, 
HC-85, was provided by Dr. F. C. Vasek by sampling 20 hapha- 
zardly-chosen plants throughout the population. 

Progenies of six to eight individuals were assembled by 
drawing one seed each from a separate fruit, in order to mini- 

mize the possibility of correlated mating events which would 
violate an assumption of the mixed mating model used to esti- 
mate outcrossing rates (Clegg 1980; Schoen and Clegg 1984, 
1986; Schoen 1985). If a maternal plant produced less than six 
fruits the progeny were drawn randomly from all the seeds 
collected from that plant. 

The procedures we used for extraction of plant material and 
starch gel electrophoresis were those of Gottlieb (1981 a, 1984; 
Table 1). The following enzyme systems were assayed: phospho- 
glucomutase (PGM, two loci scored, two other putative loci 
unresolved), 6-phosphogluconate dehydrogenase (PGD, four 
loci), shikimate dehydrogenase (SKDH, one locus), malate de- 
hydrogenase (MDH, four loci), glutamate dehydrogenase 
GDH, (one locus), aspartate/alpha-keto-glutarate transaminase 
(AAT, two loci), triose-phosphate isomerase (TPI, four loci), 
and phosphogluconate isomerase (PGI, three loci). Loci were 
numbered sequentially with the most anodally-migrating locus 
designated as locus 1. The formal genetic analyses of the loci 
encoding PGI, TPI, and PGD in Clarkia have been published 
(Gottlieb 1984). Genetic interpretations of the banding patterns 
at the other putative loci could be made, because the number of 
loci encoding these isozymes and their inheritance in Clarkia are 
generally understood (Gottlieb 1981 b, 1982, 1984; Soltis and 
Bloom 1986). Inspection of progeny groups during the course of 
this study revealed segregation at the putative loci which was 
consistent with a Mendelian interpretation. The marker loci are 
not likely to be tightly linked, since alleles from all pairs of 
electrophoretically detectable loci in Clarkia segregate indepen- 
dently (L. D. Gottlieb, personal communication). The indepen- 
dent segregation of alleles at the marker loci is an important 
assumption for the unbiased estimation of multi-locus outcross- 
ing rates (Ritland and Jain 1981), sample variances of observed 
heterozygosities (Archie 1985), and sample variances of multi- 
locus coancestry coefficients (Weir and Cockerham 1984). 

Two loci, SKDH and PGM-4, in three accessions, CC1-86, 
MK-86, and I 1-86, were assayed from leaf tissue of plants whose 
seeds were collected for outcrossing rate estimation. All other 
maternal genotypes were inferred from the genotypes of six to 
eight their progeny (Brown and Allard 1970; Schoen 1982b). If 
30 complete maternal genotypes could not be constructed for a 
population because fewer than six seeds per maternal plant 
could be germinated, then one progeny was randomly chosen 
from the unrepresented maternal plant and its genotype added 
to the data set. Mean observed heterozygosities, Iqo, mean num- 
ber of alleles per locus, E, and the percent of loci which were 
polymorphic, PLP, were calculated for the set of maternal geno- 
types from each population. A locus was considered polymor- 
phic if the frequency of the most common allele was < 0.95. 
Pearson's and Spearman's rank correlation coefficients were 
calculated among t', k, Ho, and PLP. The Shapiro-Wilk statistic 
was calculated to test the normality of the distributions of the 
residuals of these variables when regressed on each other 
(Shapiro and Wilk 1965). 
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Single- and multi-locus outcrossing rate estimates, f, were 
calculated by the methods of Ritland and Jain (1981). We esti- 
mated t for every locus which was polymorphic, with three 
exceptions. The locus, PGI-2, had a null allele which co-migrat- 
ed with a very common active allele in all populations except 
CR-86 and CC2-86. Since null heterozygotes could not be distin- 
guished from homozygotes for the active allele, these loci were 
not used for any calculations except in the populations noted 
above. GDH activity was too low to give readable zymograms 
except in HC-85. Standard errors of the t estimates were calcu- 
lated by inverting the information matrix of the maximum- 
likelihood estimation procedure. The goodness-of-fit of the data 
to the assumptions of the mixed-mating model was evaluated by 
a Chi-square test (Ritland and Jain 1981). Those loci whose Z 2 
value was significant at the p < 0.05 level were excluded from the 
multi-locus t estimates. 

The coancestry coefficient, f, was calculated as f =  1 - rio/rio, 
where ho and he are, respectively, the frequencies of het- 
erozygotes observed and expected under random mating. Ex- 
pected heterozygosity was rescaled to account for the number of 
genotypes in the sample, n, following Nei and Chesser (1983); 
corrected he= (n/n-1) (lqe-ho/2n). Separate f estimates were 
calculated for every polymorphic locus in each population for 
the same maternal genotypes used to estimate t. The value o f f  
was also estimated for a subsample of the progeny used for t 
estimation. One progeny genotype was selected randomly from 
the six to eight progeny electrophoresed per maternal plant. 
Populationfvalues were estimated separately, i.e., no hierarchi- 
cal F statistics for the whole assemblage of populations were 
calculated. We did this because the populations were found to 
have widely varying outcrossing rates. Hence, the values of F'lS 
and FsT would mask interesting variation since these statistics 
are means of values calculated for each population, which in this 
case are inbred to widely different degrees. However, t3ST was 
calculated for the whole assemblage of populations, and sepa- 
rately for the groups of predominantly selfing and predominant- 
ly outcrossing populations. Estimates of f were combined over 
loci using the weighting advocated by Reynolds et al. (1983) and 
Weir and Cockerham (1984). The f estimates were then jack- 
knifed over loci by eliminating one locus at a time and recalcu- 
lating f. This procedure yields a less biased estimate o f f  and 
allows the variance o f f  to be estimated numerically (Weir and 
Cockerham 1984). 

Nei's gene diversity statistics were calculated by the methods 
of Nei and Chesser (1983) for unequal sample sizes using the 
program Genestat (Whitkus 1985). Only the MK-86 accession 
represented the MK population in this analysis; we did not want 
to bias the gene diversity estimations by including two collec- 
tions of the same population. In addition to estimating H T, H s, 
Dsr, GsT and RsT for the assemblage of all seven populations, we 
have grouped the populations into selfing and outcrossing 
groups, based on several morphological and phenological traits 
(Vasek and Weng 1988; T. P. Holtsford and N. C. Ellstrand, 
unpublished results). The intermediate outcrossing MK-86 ac- 
cession was included with HC-85, I1-86, and 12-86 in the out- 
crossing group because its glasshouse autofertility is low and its 
average stigma exertion, degree of protandry, and pollen/ovule 
ratio indicate a preponderance toward outcrossing. CR-86, 
CC1-86, and CC2-86 comprise the selfing group, based on these 
same traits and their low outcrossing rate estimates. All loci 
assayed (18-20 per population, Table 3) were included in this 
analysis, since a large sample of both monomorphic and poly- 
morphic loci are required to give an unbiased estimate of gene 
diversity and differentiation (Nei 1987, p. 190). We also estimat- 
ed gene diversity statistics using only the polymorphic loci so 
that our results may be compared to other published estimates 
(e.g., Loveless and Hamrick 1984). 

Results 

Outcrossing rates vary widely among populations of C. 
tembloriensis (Table 2). The range in single-locus out- 
crossing rate estimates is [ = 0 - 0 . 8 8 ,  while the range in 
multi-locus estimates is [=  0.03-0.87. Although there is 
some heterogeneity among the single-locus estimates 
within populations (e.g., MDH-1 in CC1-86 and PGM-4 
in MK-86), there is general agreement between the t esti- 
mates for a given population. Chi-square tests of the 
goodness-of-fit of the observed frequencies of progeny 
genotypes to those expected, based on the maternal  geno- 
type frequencies, [, and pollen allele frequencies, are sig- 
nificant in 7 of 36 tests (denoted by * in Table 2). Most 
of the data fit the assumptions of the mixed-mating mod- 
el (Clegg 1980) sufficiently to give reasonable t estimates 

(Ritland and Jain 1981). 
The values of the mean number  of alleles per locus, ~, 

and the mean percentage of loci at which individuals 
were heterozygous, YIo, for the reconstructed maternal  
genotypes are positively correlated with the multi-locus t 
estimates (Tables 3 and 4). The residuals of ~: and PLP, 
when these variables were regressed on t, were satisfacto- 
rily normally distributed. Only the distribution of residu- 
als of I:I o was significantly non-normal ,  as determined by 
the value of the Shapiro-Wilk statistic. Hence, the Spear- 
man correlation coefficients are more valid for I:Io, while 
the more powerful Pearson's r estimates may be used for 
correlations among the other variables. There was a non-  
significant positive association between the percentage of 
loci which were polymorphic (PLP) and [. 

Coancestry coefficient estimates for the maternal  
plants, fM, are indistinguishable from the Feq value ex- 
pected given the populations '  outcrossing rates in five of 

&9 t " ~ j  0.8 Feq = (1-t)/(l+t) 
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Fig. 2. The coancestry coefficient ofmaternalplants,fM, plotted 
as a function of multi-locus outcrossing rate, t. The estimates are 
plotted _+ 2 standard errors of the statistic. The value off  expect- 
ed at inbreeding equilibrium, Feq, is also plotted 



Table 2. Single and multi-locus estimates of outcrossing rate /', and fixation index f, and their standard errors (SE). Loci whose 
single-locus/'is asterisked (*) were not included in the multi-locus/'. All loci were included in the jackknife estimate of multi-locus 
re. Allele frequencies are for the total sample of progeny genotypes while fp values are for a sample of one randomly chosen progeny 
per maternal plant 

Pop.-yr. No. Families, Locus Allele freq. /" (SE) fp (SE) 
no. progeny 

CR-86 26, 156 PGM-4 0.92/0.08 0.01 (0.01) 1.0 
PGI-2 0.76/0.16/0.08 0.02 (0.02) 1.0 
TPI-1 0.08/0.92 0.01 (0.01) 1.0 
PGD-2 0.96/0.04 0.00 (0.02) 1.0 
Multi-locus 0.03 (0.01) 1.0 (0.0) 

CC2-86 40, 240 PGI-2 0.55/0.45 0.05 (0.02) 0.90 
PGD-2 0.17/0.83 0.01 (0.01) 1.0 
Multi-locus 0.05 (0.02) 0.92 (0.04) 

CC1-86 31, 186 SKDH 0.11/0.18/0.71 0.28 (0.06) 0.71 
MDH-1 0.11/0.89 0.03 (0.02)* 1.0 
PGD-3 0.07/0.93 0.18 (0.16) 1.0 
Multi-locus 0.26 (0.05) 0.77 (0.1) 

MK-86 26, 194 SKDH 0.04/0.95/0.01 0.46 (0.22) 0.55 
PGM-4 0.44/0.56 0.18 (0.04)* 0.68 
TPI-1 0.78/0.22 0.61 (0.10) 0.61 
Multi-locus 0.58 (0.05) 0.65 (0.02) 

MK-87 38, 228 PGD-2 0.93/0.07 0.52 (0.17) 0.54 
PGM-4 0.60/0.40 0.32 (0.06) * 0.20 
TPI-1 0.81/0.19 0.51 (0.11) 0.66 
Multi-locus 0.51 (0.05) 0.36 (0.11) 

HC-85 15, 117 PGM-4 0.36/0.32/0.32 0.57 (0.08) 0.28 
AAT-1 0.37/0.63 0.36 (0.08) 0.54 
PGD-4 0.74/0.26 0.36 (0.09) * 0.31 
PGD-2 0.87/0.13 0.47 (0.16) 0.65 
GDH 0.19/0.81 0.86 (0.15) 0.33 
SKDH 0.78/0.22 0.85 (0.15) -0 .27  
Multi-locus 0.73 (0.05) 0.29 (0.04) 

I1-86 27, 164 SKDH 0.37/0.21/0.42 0.77 (0.07)* 0.22 
PGM-4 0.68/0.24/0.08 0.72 (0.09) -0 .07  
AAT-1 0.52/0.48 0.88 (0.10) 0.07 
Multi-locus 0.84 (0.05) 0.10 (0.05) 

I2-86 26, 156 SKDH 0.16/0.30/0.54 0.54 (0.07)* 0.11 
PGM-4 0.71/0.27/0.02 0.84 (0.10) 0.23 
AAT-1 0.53/0.47 0.68 (0.08) 0.01 
PGD-2 0.89/0.11 0.74 (0.19) -0 .06  
Multi-locus 0.87 (0.05) 0.09 (0.02) 

Table 3. Measures ofallelic diversity, k-: mean number of alleles 
per locus. PLP: percent of loci which were polymorphic, tqo: 
mean observed percentage of loci which were heterozygous. 
Standard errors of the means are in parentheses 

Accession /" No. E (SE) PLP Iq o (SE) 
loci 

CR-86 0.03 20 1.25 (0.10) 25.00 0.97 (0.67) 
CC2-86 0.05 20 1.10 (0.07) 10.00 0.50 (0.37) 
CC1-86 0.26 18 1.28 (0.18) 16.67 1.11 (0.43) 
MK-87 0.51 18 1.29 (0.11) 16.67 2.47 (0.70) 
MK-86 0.58 18 1.11 (0.07) 16.67 1.77 (0.59) 
HC-85 0.73 19 1.67 (0.20) 31.58 14.90 (1.39) 
I1-86 0.84 18 1.55 (0.22) 22.22 9.50 (1.16) 
12-86 0.87 19 1.50 (0.20) 26.31 9.12 (0.80) 

Table 4. Pearson's (upper triangle) and Spearman's rank (lower 
triangle) correlation coefficients among multi-locus outcrossing 
rates: t, mean observed heterozygosities: I7to, mean number of 
alleles/locus: ~?, and percent of loci polymorphic: PLP. Signifi- 
cance levels in parentheses are denoted by *: p<0.05, **: 
p<0.01, ***: p<0.001 

f fI o /~ PLP 

/" - 0.78 0.72 0.52 
(*) (*) (p=0.18) 

FI o 0.85 - 0.94 0.80 
(**) (***) (*) 

/~ 0.71 0.93 - 0.91 
(*) (**) (**) 

PLP 0.51 0.85 0.91 - 
(p=0.19) (**) (**) 
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Table 5. Interpopulationfstatistics. Multilocus outcrossing rate: [, lea: expected f a t  inbreeding equilibrium, fM:fof maternal plants, 
AF =fM -- Feq, fa: f of progeny. Significant differences denoted by **: p < 0.01, ***: p < 0.001 

Accession [ Feq fM (SE) AF fe (SE) fP--fM 

CR-86 0.03 0.94 1.0 (0.0) 0.06 1.0 (0.0) 0.0 
CC2-86 0.05 0.90 0.86 (0.02) -0.04 0.92 (0.04) 0.06 
CC1-86 0.26 0.59 0.61 (0.04) 0.02 0.77 (0.10) 0.16 
MK-87 0.51 0.32 0.21 (0.06) --0.11 0.36 (0.11) 0.15 
MK-86 0.58 0.27 0.65 (0.02) 0.38"** 0.66 (0.02) 0.01 
HC-85 0.73 0.16 0.33 (0.04) 0.17"* 0.29 (0.04) --0.04 
I1-86 0.84 0.09 0.11 (0.05) 0.02 0.10 (0.05) --0.01 
I2-86 0.87 0.07 0.07 (0.04) 0.0 0.09 (0.02) 0.02 

Table 6. Nei's statistics of gene diversity and differentiation for 
three groups: all 7 populations (tot), 4 outcrossing populations 
(ox), and 3 selfing populations (sf). Estimates are means over all 
18 loci (all) or only those loci which were polymorphic in each 
group (poly). See 'Results' for descriptions of statistics 

tot ox sf 

all poly all poly all poly 

OT 0.19 0.39 0.20 0.45 0.13 0.30 
H s 0.08 0.17 0.12 0.26 0.04 0.09 
Dsr 0.11 0.22 0.08 0.19 0.10 0.22 
Gsr 0.57 0.57 0.42 0.42 0.71 0.71 
RST 1.54 1.53 0.96 1.66 3.64 2.15 

eight cases (Table 5, Fig. 2). The MK-86 and HC-85 
accessions are significantly more inbred than expected 
(Student's t =  34.0 and 4.25, df= 2 and 5, respectively, 
where df= no. loci-l). There was no variation i n f a m o n g  
loci in CR-86; all 30 maternal genotypes were ho- 
mozygous at all four polymorphic loci. The genotype at 
one of  these loci, PGM-4, was known by assaying mater- 
nal leaf tissue. Maternal genotypes at the other three loci 
were inferred from an array of  six progeny genotypes. 
Since there is no variation in fM in this accession, no 
statistical test can be done. 

Inbreeding coefficients for the maternal (fM) and 
progeny (re) generations are generally similar (Table 5). 
In none of  the individual populations are offspring sig- 
nificantly more inbred than their parents (by Student's 
t-test, df=2 (no. loci-l)). A Wicoxon signed-rank test 
shows that the overall difference between fp and fM, 
considering all seven non-zero differences, is positive and 
marginally significant (T s =4 ,  n = 7, p = 0.055). 

The group of  outcrossing populations has a greater 
average total genetic diversity, I:I T, greater gene diversity 
within populations, I=I s, and lower gene diversity between 
populations, ISST=I'ZlT--I'Zls, than the selfing group 
(Table 6). The selfing populations have less genetic diver- 
sity and are more differentiated from each other than the 
outcrossing populations. The coefficient of  gene differen- 
tiation among populations, (3ST = ISsT/I~IT, is greater for 

the selfing populations than for the outcrossers, as is the 
ratio of  inter- to intra-population gene diversity, 
I~ST = I3m/I:I s , (15 m = S[)sT/S- 1), where s is the number of  
populations in the group). The relative magnitudes of  the 
gene diversity estimates for the group of  selfing popula- 
tions versus the group of  outcrossing populations are 
changed very little when the monomorphic  loci are left 
out of  the analysis. 

Discussion 

Clarkia tembloriensis exhibits a remarkable range of  out- 
crossing rates among its populations. Eighty-four per- 
cent of  the possible range of  f (0.03-0.87) was represent- 
ed among the sampled populations. Few other species 
show as much mating system variation: Gilia achilleifolia 
(81%, Schoen 1982a), Lupinus succulentus (83%, Hard- 
ing and Barnes 1977), Lupinus nanus (100% range of  t 
among subspp., 94% within subsp, apricus, Harding 
etal.  1974), Collinsia sparsiflora (84%, Allard etal .  
1977), and Eichhornia paniculata (69%, Glover and Bar- 
rett 1986). 

The t estimate from 11-86 is very similar to that of  
Vasek and Harding (1976) for the same population using 
seeds collected in 1965. The Idria Road populations no. 1 
and no. 2 of  Vasek and Harding (1976) were 20 m apart 
and correspond to the 11-86 accession of  this paper. 
Vasek and Harding (1976) estimated outcrossing rates of  
0.67 and 0.83 for Idria Road nos. 1 and 2, respectively, 
while in our study single locus f ranged from 0.72 to 0.88 
and the multi-locus estimate was 0.84 (Table 2). 

The progeny genotype distributions of  seven of  the 
loci did not fit the mixed mating model as judged by a Z2 
test. In all but one case (SKDH in I1-86, Table 2), the loci 
that do not conform to the model yield lower t estimates 
than other loci in those populations. The low values of  
these t estimates and the poor  fit of  the data from these 
loci to the mixed-mating model may reflect biparental 
inbreeding (Ritland and Jain 1984). Outcrossing to relat- 
ed individuals occurs if alleles are spatially clumped and 
matings are more likely among neighbors. Distance-de- 
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pendent matings in spatially-structured populations will 
bias t downward (Ennos and Clegg 1982). 

Our data suggest that the mating system has probably 
had a major effect on the distribution of genetic variation 
within and among populations of C. tembloriensis, The 
most direct population-level effect of increased self-fertil- 
ization is decreased frequency of heterozygotes in the 
population (Wright 1921). This expectation is borne out 
by our data, whether heterozygosity is expressed as I~ o 
(Tables 4 and 5) or as f (Fig. 2). 

Inbreeding is expected to promote genetic drift by 
reducing effective population size N~ (Crow 1954). Since 
selfing affects heterozygosity directly, one would expect 
the relationship between/'and I4 o to be stronger than that 
of/'with/~. If polyalMic loci lose diversity to genetic drift 
one allele at a time, then k should be influenced by out- 
crossing rate more directly than PLP. This expectation is 
borne out in C. tembloriensis - the magnitude of the 
Spearman's and Pearson's correlation coefficients are 
greatest between/' and rio and lowest between/' and PLP 
(Table 4). This ranking of correlation coefficients, ac- 
cording to the directness of the effect of outcrossing rate 
on the statistic in question, was also found in E. panieu- 
lata (Glover and Barrett 1987) and Lycopersicon 
pimpinellifolium, a species exhibiting a 40% range of out- 
crossing rates among populations (Rick et al. 1977). In 
G. achilleifolia, however, n o was not as strongly correlat- 
ed with/ '  as were/~ and PLP (Schoen 1982b). 

Although the direct effect of outcrossing rate on aver- 
age heterozygosity is clear, one should interpret the cor- 
relations between/' and k with caution (Jain 1975, 1976). 
Effective population size, Ne may be influenced by fac- 
tors other than inbreeding. Population bottlenecks - 
small numbers of founding, surviving, or reproducing 
plants - may bring about reductions in N e and promote 
drift (Crow 1954). The distribution of the selfing popula- 
tions on the ecological and geographic margin of C. tem- 
bloriensis' range suggests that the lower genetic diversity 
in the selfing populations, relative to the outcrossing 
populations, may be due in part to population bottle- 
necks. Higher rates of self-fertilization are often found in 
geographically marginal (Rick et al. 1977; Schoen 1982 a) 
or ecologically marginal populations (Allard et al. 1977; 
Brown et al. 1978). The more selfing populations of 
Clarkia tembloriensis are consistently found at lower ele- 
vations on the eastern margin of the north-south band 
that describes the species range (Vasek and Harding 
1976; personal observation). Colonization of geographi- 
cally marginal sites seems more likely if the colonizers are 
self-pollinating, since they do not require other individu- 
als to be present for successful mating (Baker 1955; Jain 
1976). The habitats of the selfing C. tembloriensis popula- 
tions are on the ecological boundary of the species distri- 
bution as well as on its geographic boundary. All annual 
species in these sites flower and die earlier than their 

conspecifics growing sympatrically with the more out- 
crossing C. tembloriensis populations, presumably in re- 
sponse to the earlier drying out of the soil in these lower, 
hotter habitats. Hence, bottlenecks due to poor plant 
survivorship in very dry years seem more likely in the 
marginal selfing populations. Plants which happen to be 
growing in a good microclimate may survive, as will 
plants with drought-resistant genotypes. 

There is no good evidence for selection being the 
primary evolutionary force shaping the distribution of 
alleles at the marker loci examined in C. tembloriensis. If 
the restricted allelic diversity in selfing populations in C. 
tembloriensis was primarily due to strong selection for 
adaptation to xeric conditions, then one might expect the 
same set of alleles at some of the marker loci to be found 
in all xeric sites, as has been found in several species 
along various environmental gradients (Allard et al. 
1972; Hamrick and Allard 1972; Antlfinger 1981; Nevo 
et al. 1986, 1988). However, the matrix of Nei's genetic 
distances between populations of C. tembloriensis shows 
that the selfing populations are no more similar to each 
other than they are to the outcrossing populations (T. P. 
Holtsford and E C. Vasek, unpublished results). If strong 
selection for xeric adaptation did play a role in reducing 
the allelic diversity in this species, then the marker loci 
were not directly selected upon and were not in linkage 
disequilibrium with the selected loci. This is also true for 
Eichhornia paniculata," the most highly selfing popula- 
tions in Jamaica and Brazil have the smallest genetic 
distances to nearby highly outcrossing populations in 
those regions, not to the other selfing populations 
(Glover and Barrett 1987). In G. achilleifolia, the selfing 
populations are all clustered at the northern end of the 
species range, so that the effects of selection and founder 
effects are confounded in the values of the genetic dis- 
tances among populations (Schoen 1982a). Whether by 
selection or drift, reduced numbers of individuals surviv- 
ing to successfully reproduce in dry years may have 
played a large role in the loss of allelic diversity in the 
selfing populations of C. tembloriensis. Additionally, if 
pollinator abundance is also reduced in dry years, self- 
pollinating genotypes may leave more offspring than po- 
tentially pollination-limited outcrossers. Thus, the same 
ecologically harsh conditions which serve to diminish 
allelic diversity by selection or drift may also select for 
self-pollinating traits. Reduced allelic diversity then may 
be correlated with, but not necessarily caused by, evolu- 
tion of a self-pollinating mating system. 

The estimated values of Wright's (1965) inbreeding 
coefficient, f ,  generally correspond to their expectations 
based on the t estimates (Table 5, Fig. 2). There are two 
cases of deviations of the f estimate for the sample of 
maternal genotypes, fM, from Feq = (1 - t ) / (1  + t), the ex- 
pected equilibrium value of F if inbreeding was due only 
to self-fertilization. The difference between Feq and fM is 
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known as AF (Brown 1979). AF is positive for the MK-86 
and HC-85 accessions; these samples are more inbred 
than expected at inbreeding equilibrium (Table 5, Fig. 2). 
Selfing species are often found to have higher levels of 
heterozygosity than expected (negative AF values), and 
many outcrossing populations have lower heterozygosi- 
ties than expected (Brown 1979; Schoen 1982b). The AF 
values in this study do not show such a pattern, as was 
also the case in E. paniculata (Glover and Barrett 1987). 

The MK-86 accession is also significantly more in- 
bred than the sample from the same population in the 
next year MK-87. In the 1986 sample, the SKDH and 
PGM-4 genotypes are known from having assayed ma- 
ternal leaf tissue. The TPI-1 genotypes from 1986 and all 
genotypes from 1987 were inferred from the array of six 
to eight progeny genotypes assayed from each mother. 
The gene frequencies from the two collections are signif- 
icantly different by a Chi-square test of heterogeneity for 
the PGM-4 and PGD-2 loci (X2=10.5, 5.8; p<0.001, 
0.01, respectively). SKDH was monomorphic in the 1987 
sample and PGD-3 was monomorphic in the 1986 
sample, but these loci gave similar t andfestimates in the 
years they were polymorphic (Table 3). Although PGM-4 
is the locus whose f and t estimates are most different 
between years, if this locus is excluded from the multi- 
locus f estimates, the values offM are still significantly 
different from each other (fM = 0.64 and 0.34 for 1986 and 
1987, respectively). The spring season of 1987 was con- 
siderably drier than that of 1986 and all populations of 
C. tembloriensis observed had many fewer plants in them. 
In particular, the MK population was much smaller and 
less dense in 1987 than in 1986. It may be that the harsh 
conditions of the 1987 growing season imposed selection 
on this population such that plants with more hetero- 
zygous loci were more likely to survive. 

Heterozygote advantage, as measured by the differ- 
ence between f of maternal and progeny generations, is 
not significant in any single population surveyed in this 
study (Table 5). MK-87 and CC1-86 are the only acces- 
sions where the parental generation appears substantially 
less inbred than their progeny. However, the large vari- 
ance in fp in these samples rendered the differences be- 
tween fp and fM non-significant. The nearly significant 
Wilcoxon signed rank statistic indicates that there may 
be an overall trend for the maternal plants to be less 
inbred than their progeny. In several studies, adult plants 
were significantly less inbred than their seeds, implying 
heterotic selection during the course of development 
(e.g., Ellstrand etal. 1978; Moran and Brown 1980; 
Schoen 1982b; Kesseli and Jain 1985). 

Nei's gene diversity statistics (Table 6) confirm the 
nature of the relationship between genetic structure and 
outcrossing rate that the previous discussion has suggest- 
ed. The average gene diversity, H 7, in the group of four 
outcrossing populations is larger than the IZI7 in the 

group of three selfing populations. Decomposing these 
gene diversities into the gene diversities within and 
among the populations in each group shows that the 
group of outcrossing populations sampled here has a 
higher mean within population diversity, I2Is, than the 
selfing group. The mean between population diversity, 
I3sx, is slightly greater among the selfing populations 
than among the outcrossing populations: 0.10 versus 
0.08 when all loci are included. The average coefficient of 
gene differentiation among populations within the two 
groups, (3sT = I3sT/tZlT, is higher for the three selfing pop- 
ulations, 0.71 versus 0.42 for the four outcrossing popu- 
lations. GsT is unaffected by the inclusion of monomor- 
phic loci. 

The Gs7 of the outcrossing group is significantly 
greater than the Gs7 average of 0.12 (SE=0.04) mea- 
sured for 76 predominantly outcrossed species (Loveless 
and Hamrick 1984). The Gs7 for the selfing C. temblo- 
riensis populations is not significantly different from the 
average GsT =0.52 (SE=0.21) value of 39 autogamous 
species (Loveless and Hamrick 1984). When only poly- 
morphic loci are considered, the estimate of f i t  of 0.45 
for the outcrossing C. tembloriensis populations is sub- 
stantially greater than the average I21r = 0.24 (SE = 0.06) 
for predominantly outcrossing species presented by 
Loveless and Hamrick (1984). The 1217 of 0.30 for our 
selfing populations is very close to the average for auto- 
gamous species (tzI7 = 0.29, Loveless and Hamrick 1984). 
Our 12Is values indicate that the genetic diversities within 
populations of the selfing and outcrossing groups of C. 
tembloriensis are comparable to the averages for popula- 
tions of selfing and primarily outcrossing species 
[I2Is = 0.13 (SE = 0.03) and 0.21 (SE = 0.03), respectively, 
Loveless and Hamrick 1984]. 

Gene diversity statistics can be rescaled to be inde- 
pendent of the number of populations in each group ((3~7 
= 13m/I2I 7, Nei 1973, 1987 p. 191). The average (over all 
loci) minimum genetic distance between populations in 
the selfing and outcrossing groups is 13m=0.10 for the 
outcrossers and 0.14 for the selfers. CJ~7=0.40 for the 
outcrossers and 0.78 for the selfers. These rescaled statis- 
tics have the limitation of not being simple additive com- 
ponents of the total gene diversity (Nei 1973, 1987). 
However, they show that the general pattern of genetic 
organization within and among the outcrossing and self- 
ing populations of C. tembloriensis does not hinge on the 
sample containing more outcrossing than selfing popula- 
tions. When all loci are considered, the mean values of 
15,s7(= I3m/Iq s, the ratio of inter- to intra-populational 
gene diversity) shows that the group of selfing popula- 
tions have more than three times the genetic diversity 
spread between their populations than is represented 
within an average selfing population. There is about the 
same amount of genetic diversity within an average out- 
crossing population as occurs among them. 
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