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Summary. Inbreeding is known to increase develop- 
mental  instability in outbreeding plants, and it has 
been argued that phenotypic plasticity in response to 
environmental  variation might be similarly affected. To 
investigate whether  phenotypic plasticity is altered by 
inbreeding, an outcrossed group and three successive 
generations of  inbred cultivated Phlox drummondii 
were grown in six different treatments (Control, Low 
Water, Low Nutrient, Early and Late Leaf  Removal,  
and Small Pots). Twelve plant characters were mea- 
sured to determine the effects of  the treatments and 
inbreeding. For those characters where inbreeding level 
by t reatment  interaction was indicated, the amounts  
and patterns of  plasticity were examined to determine 
the source of  the interaction. Despite substantial evi- 
dence for inbreeding depression of  plant vigor and 
fecundity, there was no indication of  an increase in the 
amount  of  phenotypic plasticity with progressive in- 
breeding. There was also no evidence that inbreeding 
systematically disrupts the pattern of  plastic response to 
the environment.  

Key words: Amount  of  phenotypic plasticity - Pattern 
of  phenotypic plasticity - Genotype x environment  
interaction - Inbreeding depression - Phlox drummon- 
dii 

Introduction 

There is considerable evidence that inbreeding in- 
creases asymmetry  of  paired structures, frequency of  
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extra or missing parts, and other forms of  develop- 
mental  instability in predominant ly outbreeding 
animals and plants (Lerner 1954; Rendel 1967; Levin 
1970; Soule 1982). Such instability results from the 
expression of  homozygous deleterious recessive genes, 
and the increased sensitivity to ' internal '  environmental  
variation due to homozygosity (Soule 1982). I f  in- 
breeding causes a decline in developmental  canaliza- 
tion, it follows that inbreeding also may  lead to 
increased developmental  (phenotypic) plasticity in 
response to external environmental  variation (Brad- 
shaw 1965). Whether this line of  reasoning is valid 
remains to be determined, because studies of  in- 
breeding depression typically have not considered this 
issue. 

The purpose of  this study was to determine the 
extent to which progressive inbreeding leads to altera- 
tions in phenotypic plasticity, and how such alterations 
are related to inbreeding depression (expressed as plant 
size and fecundity) in Phlox drummondii. This species is 
almost exclusively outbreeding, so in order to facilitate 
inbreeding, the study was conducted on a self-compa- 
tible cultivar whose genetic system still favors out- 
crossing (Levin 1975). 

Species, experiment and analysis 

Wild Phlox drummondii is a self-incompatible winter annual 
native to central Texas. Its cultivars are typically self-compa- 
tible, allowing easy inbreeding, and have been selected for 
floral characteristics as well as for branching and stature. The 
cultivar used in this study, 'Dwarf Crimson Beauty', was 
obtained from Sluis and Groot, Enkhuizen, Netherlands. 

Four levels of inbreeding were compared using seven 
families of 'Dwarf Crimson Beauty': 1) an outcrossed (0) 
group derived from hand pollinations between plants grown 
from a bulk seed source, 2) one generation inbred (I) plants 
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derived from selfed seed from the same plants used to 
generate outcrossed seed, 3) second generation inbreds (II) 
derived from selfing in inbred I plants, and 4) third genera- 
tion inbreds (III) from selfed seed of inbred II plants. 
Theoretically, each generation of inbreeding reduces the 
average heterozygosity by one half. 

Plants were grown singly in sand-filled pots in the green- 
house in one of 6 treatments: plants in treatments 1-5 were 
grown in 4 inch pots; 1) Control - daily watering to keep the 
sand moist, and biweekly fertilization with 20:20:20 NPK 
and micronutrients; 2) Low water - water every other day, 
fertilization as in the Control; 3) Low nutrients - no nutrients 
after week 5, with daily watering; 4) Early leaf removal - 50% 
of the plant's expanded leaves were removed at week 4, water 
and nutrients as in the Control; 5) Late leaf removal - 50% of 
the plant's expanded leaves were removed at week 10, water 
and nutrients as in the Control; 6) Small pots - plants were 
grown in 2 inch pots which hold only one-third as much sand 
as 4 inch pots. Plants in these pots had restricted space for root 
growth and also were subject to occasional wilting despite 
daily watering; nutrients as in the Control. 

The 6 treatments were replicated in 3 randomized blocks. 
Fifteen plants of inbreeding level 0 and 20 plants each of 
levels I, II and III were grown in each treatment. All families 
and inbreeding levels were represented and were randomized 
within each treatment block. A total of 450 plants were grown, 
75 per treatment. 

Plants were harvested after 21 weeks and dried and the 
following characters were measured: 1) Shoot dry weight (g); 
2) Root dry weight (g); 3) Root/shoot ratio; 4) Plant height 
(cm); 5) Total branches (on main axis); 6) Ratio of basal 
(below 7.5 cm on main axis) to total branches; 7) Average 
internode length (main axis height/total branches); 8) Days to 
flower; 9) Total flower production; 10) Flowers/gram (total 
flowers/total weight); 11) Capsule production; 12) % Selfing 
(no. of capsules/total flowers). 

Data analysis 

Data were analyzed by means of analysis of variance 
(ANOVA) using the General Linear Models procedure of SAS 
(1982). Each of the 12 characters was analyzed with the 
model: Character=Treatment Inbreeding level Family Block 
Treatmentxlnbreeding level. Each variable was tested for 
significance using the F-statistic derived from the Type III 
sums of squares. Type III sums of squares are computations of 
the variance due to the independent variable after all other 
variables are accounted for (SAS 1982). Family and block 
effects were included in the model to control these sources of 
variation and, although occasionally significant, these effects 
are not of interest in the context of this study and will not be 
examined further. There were no significant family • treatment 
interactions allowing the use of the inbreeding level as a 
homogeneous unit. 

A significant interaction term in the full model indicates 
only that the plastic responses of one or more of the in- 
breeding levels differs from the average response of all levels. 
Because the differences in plasticity between individual in- 
breeding levels are of interest in this study, a slightly different 
approach was also employed. Each pair of inbreeding levels 
were analyzed separately by 2-way ANOVA (same model as 
above) to test for treatment by inbreeding level interaction; 6 
ANOVAS were carried out among pairs (0-I, 0-II ,  0-III ,  
I -II ,  I-III ,  II-III).  The presence of interaction with only 2 
inbreeding levels in the model indicates that those particular 
levels differ in their plasticity. Other approaches which parti- 
tion the interaction sum of squares derived from the full 

model provide tests only for comparison of an individual 
genotype's interaction variance with the average response of 
all genotypes (Plaisted and Peterson 1959; Shukla 1972; Kang 
and Miller 1984) and are not used here. 

Interaction due to differences in plastic response can arise 
for two reasons: differences in the direction or pattern of 
response to the treatments or differences in the amount of 
responsiveness to treatments (Allard and Bradshaw 1964; 
Schlichting and Levin 1984). If the paired ANOVA indicated 
the presence of interaction the data were further analyzed to 
determine whether differences in amounts or patterns of 
plasticity (or both) were the cause of inbreeding level by 
treatment interaction. All characters which had a probability 
for the interaction term of less than 0.15 were analyzed in the 
following manner. The relative amount of plastic response of 
the character for the two inbreeding levels was measured by 
the Coefficient of Variation of treatment means (CV= 100x 
standard deviation of treatment means/grand mean of treat- 
ments). The CV is a quantitative measure of the relative 
responsiveness of the character to the 6 treatments. Differ- 
ences in the pattern of plastic response between inbreeding 
levels were investigated through the use of the nonparametric 
Spearman rank correlation (Hollander and Wolfe 1973) be- 
tween the 6 treatment means for the two inbreeding levels. If 
the patterns of response are identical Spearman's rho will 
equal 1.00. If inbreeding changes the direction of response to 
treatments, correlations between levels will be low or even 
negative. The CVs and Spearman correlations were computed 
using the Least Squares means derived from the overall two- 
way ANOVA (SAS 1982). 

Some examples will illustrate the use of the CVs and 
Spearman correlation to investigate the causes of interaction 
between inbreeding level and treatments. The character days 
to flowering shows a significant inbreeding level by treatment 
interaction term (P =  0.046) for inbreeding levels 0 and I. The 
treatment means are 38, 29, 25, 32, 29, 19 for inbred level 0 
and 27, 29, 28, 31, 35, 14 for inbred level I. The amount of 
plastic response for these two levels is similar (CV=22 for 
level 0 and CV= 26 for level I) but the Spearman correlation 
of rho = 0.32 indicates different patterns of plastic response by 
the two inbreeding levels. The interaction is significant for the 
character capsule production for inbred levels 0 and II (treat- 
ment means: level 0=67,  30, 32, 94, 44, 37; level I I=41,  34, 17, 
42, 38, 33). In this case the Spearman correlation is rho=0.83 
suggesting that the patterns of plastic response are similar, but 
the CVs are quite distinct, 50 for inbred level 0 and 27 for 
level II. 

Results 

Treatment responses 

Ten of  the 12 characters  showed highly  s ignif icant  
responses to the t rea tments  (Table  1) suggest ing that  
there is a subs tan t ia l  degree of  pheno typ ic  plasticity in 
D w a r f  C r i m s o n  Beauty  jus t  as there is in  wild Phlox 
drummondii (Schlicht ing a n d  Levin  1984). The ranges  
of  character  m e a n  values  for t r ea tments  wi th in  each 
inb reed ing  level are g iven in  Table  2. 

The Ear ly  Leaf  R e m o v a l  t r ea tmen t  was genera l ly  
ind i s t ingu ishab le  from the Cont ro l  t r e a tm en t  for most  
characters. These two t rea tments  p roduced  the largest 
plants,  with the Cont ro l  p lants  p roduc ing  slightly fewer 
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Table 1. Probability values for treatment, inbreeding level and 
their interaction from the results of a two-way analysis of vari- 
ance for 6 treatments and 4 inbreeding levels in Phlox drum- 
mondii cultivar 'Dwarf Crimson Beauty'. The full model 
analyzed was Character=Treatment Inbreeding level In- 
breeding level • Family Block. Probabilities were 
derived from Type III sums of squares (SAS 1982) 

Character ANOVA effect 

Treatment Inbreeding Inbreeding 
level level X 

treatment 

Shoot weight 0.0001 0.0009 0.25 
Root weight 0.0001 0.002 0.64 
Root/shoot 0.0001 0.34 0.16 
Plant height 0.0001 0.023 0.0005 
Total branches 0.0001 0.004 0.49 
Basal/total br. 0.22 0.011 0.73 
Internode length 0.0001 0.07 0.27 
Total flowers 0.0001 0.0001 0.40 
Flowers/gm 0.0001 0.0009 0.28 
% selfing 0.73 0.002 0.87 
Capsules 0.0001 0.0001 0.19 
Days to flower 0.0001 0.18 0.52 

flowers and capsules. Control plants also flowered later. 
Late Leaf Removal had a deleterious effect on plants 
compared to the Early Leaf Removal with reductions in 
biomass, flower and capsule production and an in- 
crease in the number  of days to first flowering. Plants 
in the Low Water treatment were much shorter and 
weighed less but had an increased root/shoot ratio 
compared to those in the Control treatment. The Low 
Water plants flowered earlier but produced fewer total 
flowers and capsules. 

Plants in the Low Nutrient  and Small Pots treat- 
ments were stressed the most, with nearly identical 
average heights and shoot weights. Small Pot plants 
had somewhat higher root/shoot ratios than the Con- 
trol (0.18 vs 0.16), and had much higher flowers/~m 
despite producing very few total flowers and capsules. 
Branch production and internode length were reduced 
for Small Pot plants relative to the Control, and 
flowering commenced an average of 19 days earlier. 
Low Nutrient plants had the lowest flower and capsule 
productions among the treatments, and had greatly 
increased root/shoot ratios (0.31 vs 0.16 for Control). 

Table 2. Character means and ranges of mean treatment responses for each inbreeding level in 
'Dwarf Crimson Beauty' 

Character Inbreeding level 

Outcrossed Inbred I Inbred II Inbred III 

Shoot mean 2.87 
weight range 1.50-4.25" 

Root mean 0.51 
weight range 0.30-0.69" 

Root/shoot mean 0.19 
ratio range 0.17-0.32 * 

Plant mean 35.7 
height range 32.2-46.6 * 

Total mean 4.5 
branches range 3.1-5.3" 

Basal/total mean 0.64 
branches range 0.34-0.66 

Internode mean 1.9 
length range 2.3-3.0 

Total mean 136 
flowers range 89-190" 

Flowers/gm mean 46.4 
range 30.2-57.4" 

% selfing mean 35 
range 29 49 

Capsules mean 51 
range 34-98 * 

Days to mean 29 
flower range 22-42" 

2.75 2.59 2.36 
1.38-3.49" 1.24-3.83" 1.23-3.43" 

0.49 0.46 0.43 
0.27-0.61" 0.32-0.68* 0.25-0.56* 

0.18 0.19 0.20 
0.17-0.30" 0.18-0.35" 0.17-0.37" 

34.5 33.4 32.7 
26.8-45.8" 27.6-38.8" 27.0-40.1 

4.4 4.3 3.9 
3.2-5.5 3.0-4.8 * 2.6-4.1 * 

0.70 0.55 0.80 
0.48-0.72 0.28-0.61 * 0.50-1.00 

1.9 2.3 2.1 
1.9-3.0 2.2-3.9 2.2-3.8* 

125 111 100 
85-148" 68-141 * 62-131 * 

44.9 42.1 41.0 
32.0-55.5* 30.5-59.0* 28.5-56.1" 

35 29 25 
31-38 29-35 25-30 

45 34 26 
31-55 22-44 18-41 * 

27 31 31 
17-42" 21-42" 21-44" 

* Indicates significant treatment responses within inbreeding level 



Total branch production was greatly reduced from the 
Control (3.1 vs 4.7 branches) and internode distances 
were increased. Low Nutrient plants flowered a week 
earlier than Controls. 

Inbreeding depression 

Inbreeding depression was manifested as reductions in 
both plant vigor and fecundity (Table 2). Both shoot 
and root weight and flower production declined with 
each generation of  inbreeding, and capsule production 
was affected even more with a nearly 50% reduction 
from the outcrossed plants to the three generation 
inbred plants (Table 2). Other characters declining 
significantly with inbreeding include plant height, total 
branches and flowers/gm. Root /shoot  ratios, days to 
flowering and internode length were not affected by 
inbreeding. 

Treatment • inbreeding interaction 

Only one character, plant height, had a significant 
treatment x inbreed ing  level interaction in the full 
model 2-way ANOVA (Table 1). Results o f  the paired 
inbreeding level 2-way ANOVAs revealed 5 interac- 
tions P <  0.05 and an additional 6 comparisons with 
P<0 .15  (Table 3). These 11 characters were investi- 
gated for the cause of  the interaction using the coeffi- 
cient o f  variation (CV) measuring amounts o f  plastic 
response, and the Spearman correlation measuring 
similarity of  patterns of  plastic response. In 8 of  11 
cases the correlations between the treatment responses 
o f  the pair of  inbreeding levels was > 0.65 indicating 
general similarity o f  patterns o f  plastic response. In 4 of  
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these 8 cases the interaction is clearly due to the 
differences in the amounts of  plastic response to the 
treatments (CVs, Table 3). For  example, in the compari-  
son of  capsule production between inbreeding levels 0 
and II, the correlation of  patterns o f  response is 0.83 
indicating very similar responses to the treatments, but 
the CVs measuring the amount  o f  plastic response are 
quite distinct (inbred 0, C V =  50; inbred II, C V =  27). In 
other instances the interaction may be due to differen- 
ces in both patterns and amounts o f  response (e.g. 
basal/total inbred levels I and II; plant height I and II). 
Other cases indicate differences in pattern o f  plastic 
response as the source o f  the interaction (e.g. both days 
to flower and total branches for inbred levels 0 and I). 
For 0 - I I I  shoot, neither patterns or amounts o f  plasti- 
city seem to account for the level o f  interaction. 

There is no evidence for systematic changes in 
amounts o f  phenotypic plasticity due to inbreeding or 
outcrossing. There is no indication of  strong differences 
in plasticity from the interaction terms with only 5 of  the 
72 interaction terms significant at P < 0.05. Also, those 
11 characters for which treatment x inbreed ing  level 
interaction was indicated, show no tendency for 
amounts o f  plasticity to be greater for more inbred 
material; CVs decreased with inbreeding 5 times and 
increased 6 times. 

Discussion 

Despite a progressive decline in vigor and fecundity 
with inbreeding, neither amounts or patterns o f  pheno- 
typic plasticity changed substantially in 'Dwarf  Crim- 

Table 3. Analysis of cases of interaction observed in the two-way ANOVAs performed for pairs of in- 
breeding levels. Coefficients of Variation (CV) measure the amount of plastic response to treatments; 
correlations measure the similarity of patterns of plastic response of the pair of inbreeding levels 
across treatments 

Inbreeding Character P" CV CV Spearman 
level level correlation 

Level Level A B 
A B 

O I Capsules 0.11 50 23 0.66 
O I Total branches 0.13 16 18 0.31 
O I Days to flower 0.046 22 26 0.32 
O II Root/shoot 0.15 32 38 0.65 
O II Capsules 0.05 50 27 0.83 
O III Shoot weight 0.09 44 40 0.94 
O III Capsules 0.02 50 35 0.77 
I II Plant height 0.028 20 14 0.71 
I II Basal/total 0.13 14 22 - 0.31 
I III Root/shoot 0.04 28 40 0.77 
I III Flowers/gm 0.10 19 24 0.81 

a p is the probability associated with the inbreeding level • treatment interaction term from the pair- 
ed two-way ANOVA 
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son Beauty'.  The results indicate that inbreeding does 
not increase the amount  of  phenotypic plasticity and 
are in accord with the results from studies on Allium 
(Dowker and Fennell  1981) and Gossypium (Quisen- 
berry and Kohel  1971). In contrast, results from Lyco- 
persicon (Lewis 1954) and Arabidopsis (Pederson 1968) 
have shown a positive relationship between degree of 
inbreeding and plasticity. A number  of  other studies 
(e.g. Griffing and Langridge 1963; Sentz et al. 1954; 
Williams 1960) have documented  the plasticity of  
hybrids between inbred lines in response to varied 
environments,  but they do not specifically address the 
issue of  the effect o f  inbreeding per se. 

No previous studies have examined the effect of  
inbreeding on the direction of  response of  characters to 
environments,  al though it would be quite important  if 
inbreeding were to systematically disrupt a genotype's  
typical responses. Our  results indicated that there were 
only a few instances where differences in the patterns of  
plastic response were responsible for significant in- 
breeding level x t reatment  interaction. 

It should be noted here that the results of  the full 
model  two-way ANOVA showed significant interaction 
for only the character plant  height. In contrast the 
paired two-way ANOVAs indicated significant pairwise 
inbreeding level by t reatment  interactions for an addi- 
tional 3 characters: root /shoot  ratio, capsule produc- 
tion (twice) and days to flower. There was a significant 
interaction in only 1 of  the 6 pairwise ANOVAs for 
plant height. These results underscore the differences 
between the interpretation of  the interaction term when 
there are just two inbreeding levels or greater than two 
inbreeding levels. The practice of  comparing the 
responses of  individual genotypes to the average 
response of  all genotypes is quite common and useful 
in a variety of  circumstances (Finlay and Wilkinson 
1963; Eberhar t  and Russell 1966; Plaisted and Peterson 
1959; Shukla 1972; Tai 1979; Kang and Miller 1984). 
However, if  the question of  interest involves the com- 
parison of  one genotype to another  then the method of  
two-way analysis of  variance for individual pairs of  
genotypes is preferred. Using this method,  significant or 
suggestive interaction terms can be further analyzed to 
determine whether  amounts  or patterns of  plastic 
response differ between the genotypes. 

Genetically-based differences between wild popula-  
tions and between cultivated varieties of  P. drummondii 
for both the amounts  and patterns of  plastic response 
have been documented,  and these differences between 
taxa are unrelated to heterozygosity (Schlichting and 
Levin, unpublished).  Such differences in plasticity also 
were observed between 3 species of Phlox with the least 
heterozygous species, the facultatively inbreeding Phlox 
cuspidata, no more  plastic than the other 2 species 
(Schlichting and Levin 1984). The available informa- 

tion thus suggests that there is not necessarily a rela- 
tionship between phenotypic plasticity and inbreeding, 
and in Phlox, even inbreeding serious enough to result 
in depression of  both vigor and yield did not result in 
changes in phenotypic plasticity. 
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