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We examined the effects of a slight genetic disadvantage in a competitive situation by comparing the performance of 
inbred and outcrossed Brassica rapa plants over a range of neighbor densities, using a rapid-cycling, self-compatible cultivar 
of this species. We also examined the genetic correlations in performance among plants grown alone and with intra- and 
interspecific competitors. Competition had a strong effect on biomass and on the number of flowers produced, but differences 
in biomass between inbred and outcrossed plants were dependent on the competitive environment. Outcrossed plants out- 
performed those that were selfed only at intermediate densities of neighbors; at high densities and in the absence of 
competition inbred and outcrossed plants did not differ. For outcrossed families, performance without competitors and in 
intra- and interspecific competition were all highly correlated, but for selfed families, correlations were low, and performance 
in competition was not predictable from that of plants grown alone. Thus, the phenotypic expression of genetic differences 
may depend on the density of neighbors with which plants are grown. 

Key words: Brassica rapa; competition; density dependence; heterosis; inbreeding depression; natural selection; rapid- 
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Evolutionary theory assumes that some of the differ- 
ences in competitive ability among individual plants or 
animals have a genetic basis. Much of plant population 
ecology, as well, is based on presumed genetic differ- 
ences in the ability to survive, grow, and reproduce in 
the presence of neighbors of the same and of different 
species. Nevertheless, little is known about the effects of 
slight genetic differences on the response to competition 
(but see, e.g., Waller, 1985; Shaw, 1986; Mazer and 
Schick, 1991); much more is known about differences in 
competitive ability among plants of different species that 
diverge in a large number of characters. Theoretical work 
in evolutionary plant ecology often begins with the as- 
sumption that members of a population differ in life his- 
tory or other characters, that these characters are geneti- 
cally determined, and that selection acts to increase the 
proportion of plants grown in a mixture with particular 
traits. Experimental evidence demonstrating differences 
in the effects of neighbors on the relative performance of 
plants with different genetic backgrounds is scarce, how- 
ever. 
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One way to investigate experimentally the conse- 
quences of a slight genetic disadvantage in a competitive 
situation is to compare the responses of inbred and out- 
crossed individuals to neighbor density. Because inbreed- 
ing in a normally outcrossing population is expected to 
increase the expression of deleterious alleles, inbreeding 
can serve as a convenient way to create populations of 
plants that are closely related, yet are expected to differ 
in fitness in a predicted direction. While it is clear that 
inbreeding often results in decreased performance (at 
least in species or populations that are ordinarily out- 
crossed) when plants are grown without competitors and 
under favorable conditions, much less is known about 
how the expression of inbreeding varies with the com- 
petitive regime. No previous studies that we are aware of 
have directly compared inbred and outcrossed plants 
grown without competitors, with varying densities of in- 
traspecific competition, and with different levels of in- 
terspecific competition. The primary goal of the present 
study was to compare the responses of inbred and out- 
crossed progeny to intra- and interspecific competition at 
different densities in a laboratory strain of Brassica rapa 
(synonymous with B. campestris; Brassicaceae). 

Laboratory studies of inbreeding effects have typically 
been conducted under optimal conditions. Evidence from 
field experiments suggests, however, that the expression 
of inbreeding depression in plants may depend on the 
environment in which the plants are grown (e.g., Schem- 
ske, 1983; Dudash, 1990; Schmitt and Ehrhardt, 1990). 
It has been hypothesized that stress leads to greater in- 
breeding depression (or, by definition, to greater hetero- 
sis). Stress may be caused by any number of factors, 
including apparently density-independent effects such as 
reduced soil moisture (Dudash, 1990) and low light (for 
forest floor herbs, Schemske, 1983). Although both the 
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mechanisms and the consequences of stresses imposed by 
density-independent factors may differ from those caused 
by crowding, few studies have examined the effects of 
competition on inbreeding depression (but see Waller, 
1985; Schmitt and Ehrhardt, 1990). 

In addition, we wished to evaluate the genetic corre- 
lations between performance under different competitive 
regimes, as suggested by Miller and Schemske (1990). 
These correlations express the extent to which the per- 
formance of a family (of half sibs) when grown alone 
predicts their performance in competition. Miller and 
Schemske reported that the ability of a family to do well 
in competition had little relationship to the performance 
of the family when grown without competitors. The pres- 
ent study offered an opportunity to test the generality of 
their findings, and to compare this result for inbred and 
outcrossed plants of B. rapa. 

The model system chosen for this study was a rapid- 
cycling cultivar of B. rapa. These plants are well suited 
for laboratory investigations of many ecological and ge- 
netic questions due to their short generation time, small 
stature, lack of seed dormancy, and ease of breeding, as 
well as considerable genetic variability (Williams and 
Hill, 1986; Evans, 1991; Agren and Schemske, 1992). We 
used a self-compatible strain of B. rapa (most cultivars 
and wild populations of this species are obligate outcros- 
sers) so that it would be possible to easily produce both 
selfed and outcrossed progeny. It is thought that this line 
lacks the S-allele that ordinarily prevents selfing, but it 
may be that another locus is responsible for its self-com- 
patibility. 

In the first of two experiments, we varied the density 
of B. rapa individuals and also used plants of a rapid- 
cycling cultivar of a closely related and ecologically sim- 
ilar species, B. juncea, as interspecific competitors to in- 
clude intra- and interspecific competitive effects at dif- 
ferent densities. In a second experiment, inbred and out- 
crossed B. rapa were compared when grown at high 
density with a group of unrelated species that might func- 
tion similarly to the diffuse competition experienced in 
an ecological community, to investigate the effects of in- 
breeding under those circumstances. Williams (1992) has 
argued from a theoretical perspective that the density- 
dependent expression of genetic load for populations ex- 
isting in multispecies communities may be important, but 
little experimental evidence exists to test this idea. 

As in most studies conducted on competition and on 
inbreeding in the laboratory or greenhouse, extrapolation 
of the results to natural communities may be limited, but 
the ability to investigate the effects of particular factors 
and their interactions may be greater. The literature on 
plant competition is vast, and it is surprising that so little 
attention has been paid to the questions addressed in this 
study. Likewise, while there has been a great deal of in- 
terest in the evolutionary significance of inbreeding de- 
pression both traditionally and recently (e.g., Darwin, 
1876; Stebbins, 1950; Wright, 1977; Jain, 1978; Kle- 
kowski, 1982; Schoen, 1983; Levin, 1984; Waller, 1984; 
Lande and Schemske, 1985; Mitchell-Olds and Waller, 
1985; Uyenoyama, 1986; Waser and Price, 1989; 
Charlesworth and Charlesworth, 1990; Charlesworth, 
Morgan, and Charlesworth, 1990; Barrett and Charles- 
worth, 1991; Yahara, 1992), much of this work has con- 

cerned the evolution of mating systems and has generally 
considered the effects of inbreeding only in the absence 
of competitors, or only at a single planting density. It was 
not our intention to address the very lively area of mating 
system evolution, and our results cannot necessarily be 
extended to questions regarding the evolution of selfing. 

METHODS 

Rapid-cycling seed stocks of two Brassica species, B. rapa (rapa, 
Crucifer Genetics Cooperative (CRGC), Madison, Wisconsin, new stock 
# 1-8) and B. juncea (iuncea, CRGC new stock # 4-1) were used as 
experimental material. Plants from these stocks of the two species are 
of similar size and growth form. Both species have numerous agricul- 
tural cultivars, and B. rapa also has weedy forms. Rapid-cycling Bras- 
sicas were developed by selecting early-flowering individuals from a 
world collection of Brassica species, then selecting further for rapid 
generation time, lack of seed dormancy, and other characters (Williams 
and Hill, 1986; Tomkins and Williams, 1990). The strain of B. rapa 
that we used was created by crossing the standard rapid-cycling form 
with a self-compatible cultivar and selecting for rapid-cycling characters 
and self-compatibility. For all rapid-cycling strains, large populations 
(>500 individuals) are maintained and mass pollinated to produce each 
generation, and the plants exhibit considerable morphological and iso- 
zyme variation, as well as variation in resistance to pathogens (Williams 
and Hill, 1986; Miller and Schemske, 1990). The strain we used like- 
wise showed substantial morphological variation (J. Gurevitch, personal 
observation). We have seen no evidence that this strain is less variable 
than other rapid-cycling strains, or that it has been through a genetic 
bottleneck. In any case, this study was not designed to estimate the 
absolute magnitude of inbreeding depression, nor to address the evo- 
lution of mating systems. 

Stock seeds were planted in individual pots in a greenhouse at Stony 
Brook. More than 100 plants each were used as maternal seed parents 
for producing juncea, inbred rapa, and outbred rapa progeny (for a total 
of over 300 maternal parents). Individual rapa maternal seed parents 
were used to produce only one type of progeny (selfed or outcrossed; 
for convenience, selfed or outcrossed progeny are referred to as selfed 
plants and outcrossed plants below). Pollinations were accomplished by 
removing an anther and using it to dust up to three open flowers on 
either the same plant (for inbreeding) or a second plant (for outcross- 
ing). A different male parent was chosen for the next three flowers on 
the outbred plants, or a different anther chosen from the same plant for 
inbreds, and the process continued until all flowers open on a given day 
were pollinated. Pollinations for the inbreeding treatment were generally 
geitonogamous (different flowers on the same plant). Pollinations were 
performed every other day (on newly receptive stigmas) for 10 d. The 
advantages of using this approach were primarily the ease and speed of 
producing the crosses, thus enabling us to use a much larger number of 
maternal parents and produce a larger number of progeny. This maxi- 
mized the overall genetic diversity in the experiment, at the cost of not 
being able to estimate the maternal parent X cross type interaction. As 
we did not perform any emasculations, it is possible that a small amount 
of selfing may have occurred in outcrossed plants. However, it is or- 
dinarily necessary to physically transport pollen to the stigma for seed 
set to occur; bagged plants of this strain have very low seed set (Cru- 
cifer Genetics Cooperative, Madison, WI, personal communication). In 
the worst case, this would only make our tests for differences between 
cross types more conservative. 

Offspring were grown in two experiments. In the first experiment, 
inbred and outcrossed progeny from 12 families of each cross type (each 
family consisting of the half-sibs of one maternal parent) were grown 
as target plants with or without neighbors in plastic pots 7 X 7 X 6 cm 
deep in a standard greenhouse potting mix. A primary goal in the ex- 
perimental design was the detection of responses to a range of neighbor 
densities. One target plant per pot was grown with no neighbors, with 
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one neighbor, with two neighbors or with four neighbors, resulting in 
densities ranging from -200 to 1000 plants/M2. A seed-planting jig 
was used to insure uniform spacing and planting depth. The neighbors 
at each density were selfed, outcrossed, or juncea plants. Initially, two 
replicates per family per treatment were used, but as a result of mortality 
the design became unbalanced by the end of the experiment. Neighbors 
were taken from outcrossed or selfed families, maintaining the identity 
of the cross type but pooling the seed across families, using the same 
12 inbred and outcrossed families as were used to produce target plants. 
Brassica rapa seed was planted on 21 April 1991. Juncea seed was 
planted 3 d earlier because it was slower to germinate. Pots were as- 
signed at random to trays holding up to 18 pots and randomized within 
the trays. Trays were assigned to random positions on a greenhouse 
bench and rotated and rerandomized three times per week. Pots were 
watered to saturation once or twice each day, and were fertilized with 
a dilute complete nutrient solution approximately once each week. 
Plants were grown under high pressure sodium vapor lamps, which 
provided a minimum photosynthetic photon flux density (PPFD) of 200 
p1mol_m-2.s-1 for 24 h/d. Plants were harvested at maturity on 31 May 
to 1 June by cutting them off at soil surface level. Height was measured 
and the number of flowers that had been produced on the plant counted. 
Plants were then dried for 48 h at 60?C and weighed on an analytical 
balance. 

In the second experiment, 39 seeds of B. rapa were sown in a flat 
12 x 12 x 5.5 cm deep in a standard greenhouse potting mix with no 
other plants present or with a 'meadow community' consisting of a mix 
of 18 native North American wildflower species (White Swan Ltd., 
Beaverton, OR) at a mean density of 342 wildflowers (SD = 53) per 
flat (counted at harvest). Rapa seeds were planted in a regular array 
using a planting jig, and wildflower seeds were hand broadcast. Target 
rapa plants were from selfed seed or from outcrossed seed (families 
were pooled); one cross type was used per flat. There were five replicate 
flats per treatment per cross type. Light levels, water, and fertilization 
were as above, and flats were rerandomized on the greenhouse bench 
periodically. B. rapa seed was sown on 21 April 1991 and meadow 
seed was sown 3 d earlier so that B. rapa would not have too much of 
a head start on all of the competing species, most of which were slower 
to germinate. Meadow species began germinating within 2 d of sowing, 
and germination continued for about a week. B. rapa seed germinated 
3 d after sowing. Plants were counted and harvested on 1 June, dried, 
and weighed. 

Experimental design and analysis-Analyses of variance (ANO- 
VAs) were conducted to assess the effects of the experimental factors 
on plant dry mass and number of flowers produced per plant. We were 
especially interested in testing the interaction between cross (inbred v. 
outcrossed) and density to evaluate the hypothesis that inbreeding de- 
pression might be expressed to a greater extent at some neighbor den- 
sities than others. To elucidate better the nature of that relationship, we 
examined the linear and quadratic components of the interaction be- 
tween cross and density. 

The second issue we addressed with this data set was the degree of 
genetic correlation in performance under different competitive condi- 
tions. Correlation coefficients (Pearson's r) were determined among 
selfed and outcrossed families grown under different competitive re- 
gimes. While this standard approach may underestimate the absolute 
values of the genetic correlations (Fry, 1992), we did not use the method 
proposed by Fry for estimating genetic correlations between a character 
expressed in different environments because our data did not satisfy the 
assumptions of that approach; in particular, the covariances were not 
the same for every pair of environments (J. Gurevitch et al., unpublished 
data). The data from the second experiment were analyzed with ANO- 
VA (fixed-factor model) to test the effects of the presence of a mixed 
community of neighbors at high density on the fitness of selfed and 
outcrossed B. rapa individuals. 

In the first experiment, the data best met the ANOVA assumptions 

of normality and homoscedasticity when plant mass was log trans- 
formed and number of flowers square-root transformed. All analyses 
reported conformed reasonably well with the assumptions of ANOVA. 
In the second experiment, the data did not satisfactorily conform to the 
assumptions of normality even when transformed, and analyses were 
performed on untransformed data. However, ANOVA is known to be 
fairly robust to violations of this assumption. Analyses of variance were 
performed using the SAS GLM procedure (with families as a random 
factor and other factors fixed) employing the Satterthwaite approxima- 
tion for the degrees of freedom and using the appropriate mixed-model 
error terms to test effects. The number of aneighbors counted in the 
analyses was the number present at harvest. Genetic correlations were 
calculated for selfed and outcrossed groups separately using the mean 
target mass or number of flowers per family for plants grown alone, 
with outcrossed neighbors and with juncea neighbors, at densities of 
one, two, and four neighbors. Families with fewer than two replicates 
per treatment were omitted from these latter calculations. 

RESULTS 

Seeds began germinating on 24 April, 3 d after plant- 
ing, and continued for several days. While there was con- 
siderable overlap in time to germination among selfed 
and outcrossed progeny, the outcrosses had a slight ad- 
vantage of perhaps a half day head start (T Morton, per- 
sonal observation). Mortality among target plants was not 
very high, and almost all losses (of targets and neighbors) 
occurred in the 1st wk after germination. Because the 
death of neighbors occurred only as failure to establish 
at the beginning of the experiment, in all analyses we 
considered the number of neighbors to be those which 
affected target plants over the course of experiment, sur- 
viving to its conclusion. No difference was observed be- 
tween cross types in the total number of plants that be- 
came established (that is, in the number germinated mul- 
tiplied by survivorship). 

Differences between selfed and outcrossed plants in 
response to neighbor density-In the first experiment, 
there were no overall differences in dry mass between 
selfed and outcrossed target plants (Table 1). Mean values 
for dry mass were essentially identical for selfed and out- 
crossed plants when plants were grown alone (Fig. 1). 
Outcrossed plants had greater mean values than selfed 
plants at intermediate levels of crowding, but at the high- 
est densities, both selfed and outcrossed plants became 
equally suppressed. The overall and linear components of 
the cross X density interaction were not significant (Table 
1). That is, there were no overall differences due to cross, 
and the linear responses of the two cross types to density 
(linear component of the interaction) were not different. 
However, the interaction between cross and the quadratic 
component of density was significant (Table 1), confirm- 
ing the difference in the shapes of the curves for selfed 
and outcrossed plants apparent in Fig. 1, with the curves 
joined at each end and separated in the center. 

In preliminary analyses (not shown), there were no ef- 
fects on mass or flower number attributable to neighbor 
identity (selfed, outcrossed, or juncea, i.e., P levels were 
generally in the range of 0.7-0.9). Consequently neighbor 
identity was omitted from the analyses reported in Table 
1, providing more powerful tests of the other effects of 
interest. There were highly significant effects on plant 
mass of neighbor density and highly significant differ- 
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TABLE 1. ANOVAs for target plant dry mass [transformed data, logl0 (mass + 1)] and number of flowers (square-root transformed). Factors tested 
were cross type (selfed or outcrossed), density of neighbors (none, 1, 2, or 4), family nested within cross, and interactions. Sums of squares 
(SS) and mean squares (MS) are Type III. 

Factor SS MS df F P 

Dependent variable: mass 
Cross 0.0062 0.0062 1, 22.6 0.71 0.41 
Density 0.3599 0.1200 3, 77.6 41.44 0.0001 
Family (cross) 0.1989 0.0090 0, 77 3.12 0.0001 
Cross X Density 0.0127 0.0042 3, 77.6 1.46 0.23 

C X D linear 0.0003 0.0003 1, 77.6 0.09 NS 
C X D quadratic 0.0122 0.0122 1, 77.6 4.21 < 0.05 

Density X Family (cross) 0.2005 0.0030 66, 279 1.63 0.004 
Error 0.5195 0.0019 279 
Dependent variable: number of flowers 
Cross 1.629 1.629 1, 3.2 0.19 0.66 
Density 283.822 94.607 3, 79.4 20.47 0.0001 
Family (cross) 193.821 8.810 22, 78.7 1.90 0.02 
Cross X Density 6.307 2.102 3, 79.4 0.46 0.71 

C X D linear 1.059 1.059 1, 79.4 0.23 NS 
C X D quadratic 4.284 4.284 1, 79.4 0.92 NS 

Density X Family (cross) 316.344 4.793 66, 279 1.42 0.029 
Error 943.265 3.381 279 

ences among maternal seed families (Table 1; family was 
nested within cross for testing main and interaction ef- 
fects). There were also significant differences among 
families in their responses to neighbor density (density X 
family interaction). Results were similar when the anal- 
yses were performed on the dry mass of targets per unit 
biomass of neighbors, or using other indices of compet- 
itive effects (results not shown). Because mean values 
were essentially the same for selfs and outcrosses when 
plants were grown without neighbors, the question of 
whether to use absolute vs. relative competitive indices 
(e.g., Grace, 1995) becomes a moot one, and the conclu- 
sions remain the same regardless of whether the actual 
data or either of these indices are used. 

The variables measured were correlated (dry mass with 
height, r = 0.77, P < 0.0001; dry mass with flower num- 
ber, r = 0.58, P < 0.0001; height with flower number, r 
= 0.49, P < 0.0001; for all correlations, N = 400 plants; 
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Fig. 1. Means ? 1 SE for log-transformed dry mass in g [log1o 
(mass + 1)] of individual target plants of B. rapa over a range of 
neighbor densities (symbols offset slightly for clarity). Target plants 
were the progeny of selfed (squares, lower line) or outcrossed (circles, 
upper line) matings. Sample sizes (number of target plants) at;densities 
of 0, 1, 2, and 4 neighbors were N = 27, 71, 59, and 41 selfed plants 
and N = 28, 51, 51, and 47 outcrossed plants, respectively. 

these values were almost unchanged when selfed and out- 
crossed plants were examined separately), and only the 
results for dry mass and flower number are discussed 
here. 

The number of flowers produced did not differ among 
cross types (Table 1, Fig. 2). There was no significant 
difference in the cross X density interaction nor in its 
components (Table 1), although a similar pattern to that 
for mass was hinted at, with similar values for selfed and 
outcrossed plants in flower number at the lowest and 
highest densities of neighbors, and higher average num- 
bers for outcrosses at intermediate neighbor density (Fig. 
2). Neighbor density had large and highly significant ef- 
fects on number of flowers (Fig. 2; Table 1); differences 
among families (nested within cross) were also signifi- 
cant. As with plant mass, there was also a significant 
density X family interaction; some families were de- 
pressed more than others as neighbor density increased. 

Genetic correlations-The more distinct character of 
outcrossed families than selfed families was also apparent 
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Fig. 2. Means ? 1 SE of square-root transformed number of flowers 
per individual target plants of B. rapa over a range of neighbor densities 
(symbols offset slightly for clarity). Symbols and sample sizes are as 
in Fig. 1. 
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TABLE 2A. Number of surviving B. rapa plants, mean total biomass 
of B. rapa per flat, and mean biomass of wildflowers per flat in 
the second experiment, with standard deviations in parentheses. 
Sample sizes were N = 5 flats for all treatments except Outcrossed, 
wildflowers present, N = 4 flats. 

Number of Total Brassica Biomass of 
Brassicas biomass wildflowers 

Outcrossed 
No wildflowers 32.0 (5.1) 5.36 (1.05) 0.0 
Wildflowers 19.8 (3.9) 0.28 (0.05) 9.97 (1.50) 

Selfed 
No wildflowers 32.8 (3.1) 5.00 (1.01) 0.0 
Wildflowers 22.2 (4.5) 0.29 (0.12) 10.47 (0.70) 

in the genetic correlations for performance under differ- 
ent competitive regimes; outcrossed families tended to be 
consistently superior or inferior under all conditions, 
while the performance of selfed families in any one re- 
gime was a poor predictor of performance in other en- 
vironments. The correlation coefficients (Pearson's r) 
among family means for outcrossed plants were generally 
high. Dry mass for outcrossed plants grown alone was 
strongly correlated with that of plants grown with one 
juncea neighbor (r = 0.82, P = 0.024, N = 7 families) 
and with one outcrossed neighbor (r = 0.68, P = 0.042, 
N = 9 families), and the latter two were also highly cor- 
related with one another (r = 0.92, P = 0.03, N = 5 
families). For selfs, correlations were smaller and not sta- 
tistically significant: plants grown alone were not corre- 
lated with those grown with one juncea neighbor (r = 
0.57, P = 0.18, N = 7 families) or with one outcrossed 
neighbor (r = -0.02, P = 0.96, N = 8 families), nor 
were the latter two correlated with one another (r = 0.41, 
P = 0.36, N = 7 families). We could not reliably test for 
the homogeneity of the correlations among selfed and 
outcrossed families. In all cases our sample sizes were 
?9 families, and the transformations that are used for this 
test (Fisher's z or Hotelling's z*) are inaccurate at low N 
(see Sokal and Rohlf, 1981, pp. 587 and 591; Devore, 
1995, p. 516); the power of such a test is also low in this 
case and leads to a large probability of a Type II error. 
Because sample sizes were very small (N ? 4 family 
means except in a single case) for families with two and 
four neighbors (due largely to the deaths of neighbors), 
the results at higher densities were less reliable and pat- 
terns were less clear. Therefore we do not report those 
results. 

Community competition experiment-In the second 
experiment, total biomass of Brassica plants and number 
of Brassica plants that survived to the end of the exper- 
iment were lower with wildflower neighbors than for 
those grown without wildflowers; it is also apparent that 
individual Brassica plants were much smaller in the pres- 
ence of these interspecific competitors (Table 2A, B). 
However, there were no differences in performance be- 
tween selfed and outcrossed Brassicas with or without 
competing species present. Analyses of variance resulted 
in a highly significant effects for wildflower presence 
(Table 2B), but no significant effects for cross or for cross 
X wildflower presence for both total Brassica mass per 
flat and number of Brassica plants. The mean plant mass 

TABLE 2B. ANOVAs for community competition data from second 
experiment. Factors were cross (selfed or outcrossed targets), wild- 
flowers (presence or absence of wildflower neighbors) and their 
interaction. For all tests, df = 1, 15 (sample sizes as above). 

Total mass of Number of 
Brassicas survivors 

Factor F P F P 

Cross 0.25 0.624 0.68 0.423 
Wildflowers 199.11 0.0001 33.58 0.0001 
Cross X wildflowers 0.27 0.608 0.18 0.682 

in flats without wildflower neighbors was approximately 
that of plants in the first experiment with four neighbors 
(data derived from Table 2A and from Fig. 1), while that 
with wildflowers was an order of magnitude less, indi- 
cating strong crowding effects. Even at these very high 
densities (over 25 000 plants/M2), failure to establish and 
mortality of Brassicas were fairly low (under 50%), and 
most surviving plants produced at least one flower (J. 
Gurevitch et al., unpublished data). 

DISCUSSION 

Competition had a strong effect on plant size and on 
the number of flowers produced, and that effect increased 
with increasing neighbor densities. Inbred and outcrossed 
plants performed equally well in the absence of neigh- 
bors, but inbreeding depression was expressed as a re- 
duction in plant mass (but not flower number) when 
neighbors were present at low densities. At high neighbor 
densities both in individual pots and in larger flats the 
differences between inbred and outcrossed progeny again 
became undetectable, with plants of both cross types suf- 
fering equally from crowding effects. This interesting and 
somewhat subtle pattern of differences between plants 
with slightly different genetic backgrounds has not been 
previously reported, and could only have been detected 
by examining performance over a range of crowding ef- 
fects. 

In one of the few previous studies to examine differ- 
ences in performance between cross types at different 
neighbor densities, Waller (1985) did not find a signifi- 
cant type (cleistogamous vs. chasmogamous) X density 
interaction in Impatiens capensis. However, he did not 
report the shapes of the curves of performance over in- 
creasing density. Schmitt and Ehrhardt (1990) investigat- 
ed the effects of intraspecific competition on the magni- 
tude of inbreeding depression also in Impatiens capensis. 
Their results suggested that fitness differences between 
inbred and outcrossed (cleistogamous or chasmogamous) 
plants were greatest when plants of the two cross types 
were grown together in competition. It is not possible to 
compare our results directly with theirs because in that 
study plants were grown at only two densities (alone or 
in competition) and the results for the different compe- 
tition treatments were analyzed separately, so the type X 
density interaction was not tested. 

Theoretical work has not predicted this pattern in 
which the greatest expression of inbreeding depression 
occurs at intermediate densities of competitors, and is 
reduced or nonexistent both in the absence of competition 
and with intensified competition at higher densities. Yet, 
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it is not difficult to imagine why small differences be- 
tween inbred and outbred progeny might not be mani- 
fested under ideal conditions without competitors. It is 
also reasonable to believe that the modest effects of hav- 
ing a slightly inferior genotype would be masked under 
the highly disadvantageous conditions at high neighbor 
densities. The apparent situation in which the greatest 
difference between slightly inferior and slightly superior 
genotypes (here, inbred and outcrossed progeny) is man- 
ifested at intermediate densities of competitors is intrigu- 
ing, and it should be further explored theoretically as well 
as experimentally, using populations with different ge- 
netic structures. 

The amplification of the expression of inbreeding de- 
pression by intraspecific competition has been described 
as a form of soft selection (Coman and Wallace, 1973). 
The phenomenon of soft selection has been used to argue 
for the inadequacy of genetic load theory (Wallace, 1970, 
1989). If there are only a certain number of opportunities 
(or "positions") for members of a population to survive 
or to reproduce and those opportunities are taken by in- 
dividuals in the upper tail of the fitness distribution, then 
the genetic makeup of the individuals that fail to occupy 
those "positions" does not affect the average fitness of 
the population. While hard selection causes a fixed mor- 
tality rate for a given genotype, soft selection causes vari- 
able mortality (or reduction in fitness), depending on the 
number of "positions" to be filled, and on the genotypes 
of the individuals that are available to fill them. 

Williams (1992) has countered, however, that the sce- 
nario posed by Wallace is itself inadequate. If a popula- 
tion has a high genetic load (due to inbreeding depression 
or other causes), Williams predicted that it will be more 
poorly represented in the multispecies community of 
which it is a part than if that population did not suffer as 
great a genetic load. Individuals that die because they 
possess deleterious alleles are more likely to be replaced 
by individuals of other species than by conspecifics. This 
is not classical hard selection, because the mortality or 
fecundity rate is not fixed, but is dependent on the avail- 
ability of individuals (in this case, belonging to ecologi- 
cally similar species) to compete for representation in the 
community. If individuals of other species are absent, the 
mortality of the population with high genetic load should 
be minimal; if others are present, mortality will be high. 
An increase in inbreeding depression due to interspecific 
competition thus has more ominous implications for the 
population than does strict soft selection. In the present 
study, hard selection would have appeared as a difference 
between selfed and outcrossed progeny when grown 
without competitors. No such difference was apparent: 
the consistent, though slight, superiority of outcrossed 
progeny was apparent only in the presence of competing 
neighbors. 

There are a number of possible explanations for the 
relatively mild expression of inbreeding depression that 
we found. The selection regime used to produce rapid- 
cycling Brassicas, or to produce the self-compatible 
strain we used, may have resulted in reduced potential 
for the expression of inbreeding depression by purging 
deleterious alleles (e.g., see review by Charlesworth and 
Charlesworth, 1987). However,, strong inbreeding depres- 
sion has been observed in standard rapid-cycling B. rapa 

if the number of plants crossed to maintain seed stocks 
every generation is small; inbreeding (produced by bud 
pollination) effects are apparently much more striking by 
the second or third generation than after a single gener- 
ation of selfing (Crucifer Genetics Cooperative, Madison, 
WI, personal communication). Barrett and Charlesworth 
(1991) reported that even after many generations of ex- 
perimental inbreeding, inbreeding depression was still ap- 
parent in an ordinarily outcrossed population of Eichhor- 
nia paniculata (water hyacinth), and that similarly in oth- 
er species of plants and animals subjected to inbreeding 
and successive bottlenecks there was also a prolonged 
time-course of the recovery of fitness, with inbreeding 
depression still expressed after generations of inbreeding. 

The overall expression of inbreeding depression may 
have been underestimated in the present study for several 
reasons. Because we needed a large number of target 
plants and neighbors from each seed family, we used ma- 
ternal seed parents with a relatively large seed output. 
These plants would have been those that suffered least 
from inbreeding depression, at least in fecundity. We used 
different maternal parents for inbred and outcrossed prog- 
eny, and this could conceivably have made it more dif- 
ficult to observe inbreeding depression, although it is dif- 
ficult to specify the potential magnitude of such an effect. 
We might also have detected larger differences between 
selfed and outcrossed plants had we not as regularly wa- 
tered and fertilized the plants, thereby minimizing the 
opportunities for unequal access to resources among 
plants growing together in a pot. However, in these small 
pots, with such rapidly growing plants, even brief neglect 
risked loss of all plants in a pot; the line between stress 
and death is very fine. It is interesting that we were able 
to detect the relatively subtle differences between inbred 
and outcrossed plants by observing their performance 
over a range of neighbor densities. 

Other studies on the consistency of genotypes in per- 
formance over a range of densities, and of correlations 
among traits across competition treatments, have shown 
mixed results. Miller and Schemske (1990) found little 
relationship between performance without competitors 
and performance in intra- or interspecific competition for 
rapid-cycling, outcrossed B. rapa (there was a small and 
marginally significant [P < 0.05] correlation between no 
competition and intraspecific competition for mass, but 
not for flower number), but a strong and significant cor- 
relation (at P < 0.01) for both plant mass and flower 
number among the inter- and intraspecific competitive 
performance of families. Our results were partially in 
agreement with theirs, and partially contradictory to what 
they found. While there were no significant correlations 
for performance alone and in competition among inbred 
families in the present study, we found opposite results 
for outcrossed families, in which performance without 
competitors was strongly correlated with that in compe- 
tition. It is not obvious why our results differed from 
theirs, although they used higher competitor densities 
(3 500 plants/M2) than those in our first experiment. 

Mazer and Schick (1991) found that Raphanus sativus 
genotypes grown at three densities in a garden experi- 
ment did not differ in the effects of density on survival 
(mass and reproductive effort were not measured), but 
that there were strong differences among genotypes in 
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floral traits and life history characters. Shaw (1986) re- 
ported that survivorship in Salvia lyrata did not vary 
among families in response to density, but that families 
performed differently over a range of densities in growth 
and size characters. Correlations among family means in 
greatest leaf length and in leaf number in low and high 
density environments at two dates were generally small 
and not statistically significant (except for leaf length in 
September 1982). 

In an experiment on families of Erodium cicutarium 
grown alone and in intra- or interspecific competition, 
Martin and Harding (1982) found few significant corre- 
lations among treatments in plant fecundity. In their first 
population only the correlation between fecundity of 
plants grown alone and in interspecific competition was 
statistically significant; in their second population, there 
were no correlations among treatments. It would appear 
that correlations among plant families in performance un- 
der different competitive regimes would depend on the 
plant mating system and the genetic makeup of the pop- 
ulation, on the traits measured and the degree to which 
they are closely related to fitness, and on the particular 
competitive environments employed. 

Clearly, differences in the effects of increasing density 
of intra- and interspecific competitors on inbred and out- 
crossed plants will depend on many factors, including the 
genetic architecture of the species involved, the compet- 
itive abilities of the species, and the growth conditions 
under which experiments are conducted. Whether the pat- 
tern found in this study is a general one with significant 
evolutionary implications or merely a curiosity can only 
be resolved by examining the effects of competition on 
the expression of inbreeding in a broader diversity of 
plant systems. 
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