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Evolutionary changes in the breeding
systems of heterostylous plants have been
documented in several unrelated flower-
ing plant families. Modifications include
the replacement of one type of outcrossing
mechanism by another, such as the evo-
lution of distyly from tristyly in the Ly-
thraceae (Lewis and Rao, 1971) and Ox-
alidaceae (Ornduff, 1972; Weller, 1976)
and the origin of dioecism from distyly in
the Rubiaceae (Baker, 1958) and Menyan-
thaceae (Ornduff, 1966a). More frequently
heterostylous systems break down in the
direction of increased self-fertilization; the
commonest pathway to this condition is
by the formation of self-compatible homo-
styles (Crosby, 1949; Baker 1966; Orn-
duff, 1972). Despite continued interest in
heterostylous systems, little is known
about the selective pressures which cause
these changes and the advantages con-
ferred by alterations in breeding system
often are not apparent.

Tristyly has been documented in the
Lythraceae, Oxalidaceae and Pontederi-
aceae (Vuilleumier, 1967). In the last fam-
ily, tristyly occurs in two of the eight gen-
era. In Pontederia, the two species which
have been studied experimentally (P. cor-
data, P. rotundifolia) exhibit trimorphic
incompatibility, strong pollen trimorph-
ism and populations which frequently
contain a mixture of the three style forms.
The breeding system of Eichhornia azur-
ea resembles that of Pontederia species,
self-incompatibility is accompanied by
strong pollen trimorphism and popula-
tions are frequently trimorphic. In these
species, tristyly presumably functions as
an outcrossing mechanism (Ornduff,
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1966b; Barrett, 19772, 1978). In contrast,
the tristylous breeding system of Eichhor-
nia crassipes is largely non-functional due
to the predominantly monomorphic struc-
ture of populations and high levels of self-
compatibility in the species. Although
seed production occurs in the majority of
populations, sexual reproduction is re-
stricted due to the absence of suitable eco-
logical conditions for seed germination
and seedling establishment (Barrett,
1977b). The absence of sexual reproduc-
tion in many populations (Mulcahy, 1975;
Barrett, 1977¢) provides limited oppor-
tunities for evolutionary modifications of
the breeding system. As a result, in asex-
ual populations of E. crassipes the mor-
phological features of tristyly are retained
despite relaxation of selective pressure re-
sponsible for the evolution and mainte-
nance of floral polymorphism. ‘

Although vegetative propagation is the
principal means of reproduction in E.
crassipes, sexual reproduction occurs in
some seasonal habitats, particularly in the
native range of the species in tropical
South America. Here vegetative parts
may be periodically destroyed and seeds
play an important role in re-establishing
populations (Barrett, 1977b). In sexual
populations of E. crassipes, opportunities
are provided for adjustments in the breed-
ing system to meet local conditions. Seed
set in populations of E. crassipes is sub-
maximal due to low pollinator service and
“inefficient” pollinators (Barrett, 19775, c)
and therefore modifications which would
increase fecundity are likely to be at a

-greater selective advantage.

The purpose of this study is to docu-
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ment the floral morphology, compatibility
relationships and reproductive biology of
a sexually reproducing population of E.
crassipes in Costa Rica. Evidence is pre-
sented. which suggests that floral tri-
morphism may break down in the direc-
tion of increased inbreeding in sexually
reproducing populations.

MATERIALS AND METHODS

The sexually reproducing population of
Eichhornia crassipes used for this inves-
tigation occurs in an extensive area of
marshlands at Palo Verde, Guanacaste
Province, Costa Rica. Field studies were
undertaken during November, 1975. The
marsh is surrounded by savanna vegeta-
tion and is bordered on its southwest edge
by the Rio Tempisque. Due to the marked
dry season in Guanacaste Province, parts
of the marsh at Palo Verde are seasonal.
Cycles of sexual reproduction in E. cras-
sipes are associated with water level fluc-
tuations in the marsh. Warm, shallow
water permits seed germination and seed-
ling establishment.

The population of E. crassipes consists
of long- and mid-styled forms. In order to
estimate the representation and seed pro-
duction of floral forms, inflorescences and
infructescences were gathered at 5 m in-
tervals along several transects which bi-
sected the marsh. Measurements of the
reproductive organs of 25 flowers of each
style form were also made. In order to
determine pollen loads, one hundred stig-
mas were collected from each of the floral
forms in the population after the comple-
tion of pollinator activity at 2:00 P.M. The
samples of stigmas from each style form
were acetolysed for 15 minutes in nine
parts acetic anhydride:one part concen-
trated sulfuric acid, centrifuged, washed
and the number of pollen grains was es-
timated. The acetolysis method was cho-
sen because it is the most accurate method
of determining pollen loads (Ganders,
1975a) although, due to the pooling of
samples, it is not possible to estimate pol-
len loads of individual stigmas. The pollen
production of floral forms was obtained by
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the use of a hemacytometer (see Lloyd,
1965, for method).

The pattern of mating of floral forms in
the population was estimated by progeny
tests of naturally pollinated plants. Pro-
genies from 25 individuals from the pop-
ulation were grown to flowering and the
style forms were recorded. The average
number of progeny grown from individ-
uals plants was 36.6. The M locus (Fran-
gois, 1964; Barrett, 1977¢) controlling the
inheritance of mid- versus long-styled
forms in E. crassipes was used as a mark-
er gene. The frequency of homozygous re-
cessives (long-styled forms) in the popu-
lation was obtained during the sampling
for population structure. Estimates of the
proportions of homozygous dominants
and heterozygotes in the population were
obtained from progeny tests. Mid-styled
plants that produced families with only
mid-styled forms were considered to be
homozygous dominants; families contain-
ing both mid- and long-styled forms were
considered to be from heterozygotes. Fre-
quencies of long-styled plants in long- and
heterozygous mid-styled progenies were
compared with expected values from com-
plete selfing, random and complete disas-
sortative mating (see Ganders, 19755, for
method). Insufficient fruits from semi-
homostylous mids (see later) were collect-
ed to progeny test this group separately
from “normal” mids.

An artificial pollination program was
undertaken at Berkeley, California, dur-
ing 1976 in order to determine the com-
patibility relationships of long- and mid-
styled forms obtained from the population
at Palo Verde. Sixty-five long-styled
plants and 84 mid-styled plants were uti-
lized in the crossing program. Plants were
grown to flowering from seed and self- and
cross-pollinations were conducted in a
pollinator-free glasshouse with the aid of
forceps. Capsule and seed production
from the various pollen-carpel combina-
tions were compared by analysis of vari-
ance. Autogamous seed set in floral forms
was determined by recording capsule and
seed set of undisturbed inflorescences.
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Measurements of the reproductive organs
of a single flower from each of 100 long-
and mid-styled plants grown from seed
from Palo Verde were compared with
measurements from flowers of other E.
crassipes populations. Comparisons in-
volved nine clones of diverse origins
grown under glasshouse conditions. In ad-
dition, measurements of floral parts were
made on four natural populations of E.
crassipes. Three populations were mono-
morphic for style form and were asexual
(Arenal, Aranjuez, Costa Rica and An-
dytown, Florida), the remaining popula-
tion (Wallisville, Texas) was composed of
69.6% long and 30.4% (N = 483) mid-
styled forms and contained a limited num-
ber of seedlings during August, 1976. De-
tails of the compatibility relationships and
seed fecundity of glasshouse-grown clones
and natural populations are presented
elsewhere (Barrett, 1977c). The sizes of
100 pollen grains of each floral form at
Palo Verde were measured with the aid of
an ocular micrometer and compound mi-
croscope.

RESULTS

Floval morphology.—The sample of in-
florescences (N = 1272) collected from
Palo Verde yielded 1020 mid-styled and
252 long-styled forms, representing fre-
quencies of 0.802 and 0.198 respectively.
There are no short-styled forms in the
population. Although flowers can be un-
equivocally assigned to a floral form, mid-
styled flowers exhibit a wide variation in
stamen and style configuration. Some in-
florescences are composed of conventional
mid-styled flowers whereas in others the
stigma is adjacent to the long anther level
(Fig. 1). This condition is known as semi-
homostyly.

There were no significant differences in
the sizes of reproductive organs from field
or glasshouse samples from Palo Verde
(Table 1). Mid-styled plants from other
populations of E. crassipes do not show
the same range of values for stigma-anther
separation exhibited by the Palo Verde
population. No semi-homostylous flowers
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FiG. 1.

Flower of mid-styled form of Eichhornia
crassipes with 2 mm separation between stigma and
anthers of long stamen whorl. Glasshouse grown
plant, seed from Palo Verde, Costa Rica.

were ohserved in other populations of E.
crassipes although the Arenal population
(Costa Rica) exhibited values for mean
stigma-anther separation which ap-
proached semi-homostyly.

Figure 2 illustrates the variation in dis-
tance between the stigma and nearest an-
ther level in mid- and long-styled forms
from Palo Verde. The range of variation
is considerably lower in long-styled flow-
ers than in mid-styled flowers. The mean
distance from stigma to the nearest anther
level is 10.4 mm in long-styled flowers
and 4.5 mm in mid-styled flowers. There
is a correspondence in the height of
the short anther levels in mid- and long-
styled forms and between the lengths of
mid-styles and the mid-stamen level of
long-styled forms. However, long anthers
of mid-styled forms are below the level of
stigmas of long-styled flowers. Hence the
variation in distance between stigmas and
anthers of mid-styled forms is a result of
differences in the length of long stamens
rather than the length of mid-styles.

There was some variation in the lengths
of reproductive organs on a single inflo-
rescence. However, the range of variation



502

40 SEMI-
LONG STYLE HOMO  MID
STYLE  STYLE

30

No. N=200
tlowers

20

15 10 5 o 5 10 5
Stigmo-anther seporotion (in mm)

Fic. 2. Stigma-anther separation classes in flow-
ers of Eichhornia crassipes from Palo Verde, Costa
Rica.

was small compared to the total variation
exhibited for a particular measurement.

In both mid- and long-styled forms, the
mean sizes of pollen grains from the two
anther levels are significantly different.
Size dimorphism is weak with a consid-
erable overlap in the range of pollen sizes

from different anther levels. In common’

with most tristylous plants, pollen grains
from the short anther levels of mid- and
long-styled forms are similar in size. How-
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ever, unlike the conventional situation,
pollen from the mid anthers of long-styled
plants does not differ significantly in size
from pollen of the long anther level of
mid-styled forms (Table 2). Associated
with this correspondence in size of pollen
is a similarity in the amount of pollen pro-
duced by the two style forms. There is no
significant difference in the pollen produc-
tion of the mid and long anther levels of
long- and mid-styled plants (F, ;; = 1.07,
N.S.). The short anther levels of long- and
mid-styled flowers produce 34.7% and
37.1% more polien respectively than the
mid and long anther levels of these style
forms.

Autogamy.—Floral forms of E. cras-
sipes exhibit striking differences in their
facility for autogamous seed set under
glasshouse conditions (Table 3). Long-
styled plants produced only one capsule
from 195 flowers left undisturbed. Autog-
amy in flowers of mid-styled populations
ranged from 0.0-66.9% capsule set. The
highest value was obtained from mid-
styled plants from Palo Verde with a 0—4

TABLE 1. Length of veproductive organs (% and standard deviation in mm) in flowers of Eichhornia cras-

sipes.
Sam- Short Stigma-
Style ple Style Long stamen Mid stamen stamen anther

Population form  size length length length length sep. Range
Field Measurements
Costa Rica, Palo Verde M 25 246 2.3 289=*3.0 - 156 + 1.5 4.3 0-8
Costa Rica, Palo Verde L 25 35.4 0.7 — 249 0.9 15.8=*=0.9 10.5 9-11
Costa Rica, Arenal M 25 24913 286 1.4 - 13.4 £ 1.2 3.7 2-5
Costa Rica, Aranjuez L 25 325 * 14 - 21.2 1.2 11.0*2.3 11.3 9-14
Texas, Wallisville M 50 248+13 320=x16 - 17.2 £ 1.1 7.2 4-12
Texas, Wallisville L 50 32.8%x1.1 - 254 = 1.5 159 £ 1.3 7.4  5-11
Florida, Andytown M 25 25.9*10 33611 - 17.2 £ 1.3 7.7 6-10
Glasshouse Measurements
Costa Rica, Palo Verde M 100 25.7 =17 302 *2.1 — 15.7 £ 1.8 4.5 0-16
Costa Rica, Palo Verde L 100 34.7 £ 1.6 - 24314 152+ 13 104 7-14
California, Stockton M 25 259+ 0.6 32.3 0.7 - 16.1 =09 6.4 6-9
Louisiana, Orleans P. M 25 248+*15 31L.3*+13 - 16.5 = 0.8 6.5 5-11
Florida, Hosfoud M 25 25405 314038 - 15.4 £ 1.0 6.0 5-7
Mexico, Xochimilco M 25 25.6 £0.7 32.0 0.7 - 16.9 + 1.0 6.4 6-7
S. Brazil, Porto Alegre M 25 253 0.6 316 =09 - 16.6 £ 1.0 6.3 5-7
Sudan, Khartoum M 25 25.8*+0.8 31.4+0.9 - 17.2 £ 0.7 5.6 35-6
Zaire, Congo River M 25 25406 31.4 1.2 - 16.6 = 1.1 6.0 4-7
India, Calcutta M 25 26.1 £0.7 33.5=*1.0 - 17.4 = 0.8 7.4  6-9
Guyana, Mon Repos M 25 244 *1.1 335=*1.0 - 17.3 £ 1.3 9.1 8-11
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TABLE 2. Pollen size and production per flower in floval forms of Eichhornia crassipes from Palo Verde,

Costa Rica.
Anther level
Style form Long Mid Short

Long-styled

Size (um) d 93.1 + 3.5% 80.8 + 3.7
Production (per fl.) - 16,149 + 1,265.7 24,987 *+ 934.3
Mid-styled

Size (um) 92.7 £ 3.2 - 80.4 = 3.8

Production (per fl.) 16,756 = 1,287.4

26,659 *+ 1,466.9

* % and standard deviation.

mm separation between the mid stigma
and long anther level. Self-pollination oc-
curs during the withering of flowers. An-
thers of the long stamens are pushed into
contact with the mid stigma by the inflex-
ion of perianth parts. The distance be-
tween the stigma and the anthers of the
long stamen whorl influences the likeli-
hood of successful pollination occurring in
this way. This process does not occur in
long-styled forms because of the difference
in the relative position of reproductive or-
gans.

Compatibility velationships.—Self-pol-
linations of long- and mid-styled forms of
E. crassipes resulted in the production of
near maximum numbers of capsules, in-
dicating a high degree of self-compatibility
in the two floral forms (Table 4). There
was no significant difference in seed pro-
duction using either anther whorl in self-
pollinations. The interform illegitimate

crosses M X s/L and L X s/M also result-
ed in levels of seed production similar to
those from self-pollinations conducted on
each style form. Hence there was little
difference within floral forms in the
amount of seed produced by the three
classes of illegitimate pollinations. How-
ever, mid-styled plants produced 29.6%
more seed than long-styled plants in total
illegitimate pollinations.

Legitimate pollinations in both style
forms resulted in increased levels of seed
production compared with illegitimate
pollinations. However only in long-styled
forms was this difference statistically sig-
nificant (Table 4). In common with ille-
gitimate crosses, legitimate crosses of mid-
styled plants were more productive of seed
than those of long-styled plants.

Although there was no difference in be-
havior of pollen from either anther level
in self-pollinations of the two style forms,

TABLE 3. Autogamous seed set in Eichhornia crassipes.

Style form and stigma- No. fls. Total Av. seed
anther separation (mm) No fis. producing % capsule seeds set per
Origin undisturbed capsules set produced flower

Palo Verde Long 7-14 195 1 0.5 59 0.3
Palo Verde Mid 4-8 197 18 9.1 791 4.0
Palo Verde Mid 0-4 127 85 66.9 6,161 48.5
California Mid 6-9 152 15 9.9 683 4.5
Louisiana Mid 5-11 72 8 11.1 507 7.0
Florida Mid 5-7 104 4 3.9 95 0.9
Mexico Mid 67 147 9 6.1 340 2.3
S. Brazil Mid 5-7 113 4 3.5 198 1.8
Sudan Mid 5-6 98 6 6.1 31 3.2
Congo Mid 4-7 91 9 9.9 405 4.5
Calcutta Mid 6—9 64 6 9.4 125 2.0
Guyana Mid 8-11 63 0 0 0 0
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TABLE 4. Compatibility relationships of floval forms of Eichhornia crassipes from Palo Verde, Costa Rica.

No. of No. fls. % Av. seed SE
indiv. No. fls, prod. capsule set per of
Cross tested pollin. caps. set pollin. mean
LONG-STYLED
Lilegitimate
L-1. L X m/L 16 102 102 100.0 94.1 10.6
L-2. L x s/LL 7 51 50 98.1 78.9 8.2
L-3.L x s'M 21 158 157 99.4 85.6 4.8
Legitimate
L-4. L x 1/M 21 134 134 100.0 125.2 8.0
MID-STYLED
Lilegitimate
M-1. M x /M 18 109 108 99.1 129.1 8.7
M-2. M x s/M 26 159 155 97.5 122.2 12.1
M-3. M x s/L 19 138 138 100.0 124.8 8.0
Legitimate
M-4. M X m/L 21 126 125 99.2 142.9 6.4
ANALYSIS OF VARIANCE.
Degrees of Level of
Comparison F freedom significance
L-1, 2, 3 versus L4 18.61 1, 63 P = <.001
M-1, 2, 3 versus M-4 2.62 1, 82 N.S.
L-1,2 versus M-1, 2 8.29 1, 65 P = .008
L-4 versus M-4 2.96 1, 40 N.S.
L-3 versus L-4 17.88 1, 40 P = <001
M-3 versus M-4 3.2 1, 38 P = .09

in cross-pollinations (legitimate and ille-
gitimate) a significant difference in seed
production was obtained (Table 4). Legit-
imate pollinations were more productive
of seed than interform illegitimate polli-
nations. This pattern was most marked in
the long-styled form where pollen from the
long anther level of mid-styled plants pro-
duced 31.6% more seed than pollen from
the short anther level. The differences in
seed production following legitimate and
interform illegitimate pollinations in mid-
and long-styled forms indicate the pres-
ence of weak self-incompatibility in E.
crassipes.

Pollination and seed set.—The major
insect visitors to flowers of E. crassipes at
Palo Verde are introduced honey bees
(Apis melliferva 1..) and small social bees of
the Meliponidae. Both bee groups were
observed collecting pollen from the two
anther levels of long- and mid-styled

forms. Neither bee group was observed
feeding on nectar. Foraging bees tended
to visit most flowers on an inflorescence
before departing.

Pollen loads of naturally pollinated stig-
mas of E. crassipes varied among the flo-
ral forms at Palo Verde. Due to the over-
lap in the range of pollen sizes from
different anther levels, it is not possible to
discriminate between the pollen types of
E. crassipes. However, since the floral
forms are thoroughly self- and cross-com-
patible, all pollen grains are capable of
effecting fertilization. Mid-styled flowers
with the smallest stigma-anther separation
received more total pollen grains than the
other floral types (V. = 29586, % no. grains
per stigma = 295.9). The amount of pol-
len deposited on stigmas was intermediate
in mid-styled forms with a 4-8 mm stig-
ma-anther separation (¥ = 19142, ¥ no.
grains per stigma = 191.4) and stigmas of
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TABLE 5. Capsule and seed production of floral
forms of Eichhornia crassipes at Palo Verde, Costa
Rica.

Style form Long-styled Mid-styled

Total flowers

sampled 529 ' 689
% capsules set 72.2 80.1
* fls. per inflor,

+ s.e.m. 5.5 0.1 5.2 + 0.1
*% seeds per inflor.

* s.e.m. 189.8 = 17.0 262.4 = 19.0
X seeds per capsule

+ s.e.m. 526 2.1 67.3*26
% seeds per flower

* s.e.m. 345+ 19 50.7 =+ 2.4

long-styled plants received the lowest
numbers of pollen grains (¥ = 11921, %
no. grains per stigma = 119.2). These re-
sults suggest that the distance separating
reproductive organs in floral forms strong-
ly influences the amount of pollen depos-
ited on stigmas.

The natural level of seed production of
mid-styled plants at Palo Verde was sig-
nificantly different from that of long-
styled plants (Table 5). The average num-
bers of seeds per inflorescence (¢ = 2.85,
P = .005), capsule (¢t = 4.4, P = <.001),
and flower (¢ = 5.24, P = <.001) were all
significantly higher in mid-styled plants
than in long-styled plants. The average
numbers of flowers produced on an inflo-
rescence of boths forms were similar.

Mating system.—A total of 914 progeny
was grown to flowering from the 25 fam-
ilies obtained from Palo Verde. Of these
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568 were mid-styled (62.1%) and 346
(37.9%) were long-styled. Nine of the 14
mid-styled families segregated long-styled
plants indicating that they were hetero-
zygous at the M locus. Frequencies of
long-styled plants in segregating families
of long- and heterozygous mid-styled
plants are presented in Table 6. These fre-
quencies are compared with expected val-
ues based on progeny ratios from complete
selfing, random and disassortative mat-
ing. Of the 430 progeny raised from the
long-styled plants, 66.3% were long-
styled. This frequency lies mid-way be-
tween the expectations for selfing and ran-
dom mating. All long-styled plants, except
one, segregated a small number of mid-
styled progeny. The exceptional plant pro-
duced 49 long-styled plants, suggesting
that the individual may have been pre-
dominantly self-fertilized. The net selfing
component of total matings in long-styled
plants is 38.7%. The frequency of long-
styled plants in progenies of heterozygous
mid-styled plants is not significantly differ-
ent from the expectations for selfing and
random mating. Since the expectations for
selfing and random mating are not sig-
nificantly different from one another litile
can be deduced about the mating pattern
of mid-styled plants, except that the
amount of disassortative mating was low.

DiscuUssION

The syndrome of morphological and
physiological features associated with het-
erostyly is thought to be governed by a

TABLE 6. Pattern of mating in long- and mid-styled forms of Eichhornia crassipes at Palo Verde, Costa

Rica.

Long-styled progeny

Expected Expected Expected Total
Parents Observed (selfing) (rand di tative) progeny
Long-styled
No. 285.0 430.0 193.5 138.5 430.0
% 66.3 100.0 45.0 32.2 100.0
Heterozygous mid-styled
No. 61.0*% 74.8% 67.3% 149.5 299.0
% 20.4 25.0 22.5 50.0 100.0

* Not significantly different at the 1% level.
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supergene (Mather, 1950; Lewis, 1954;
Dowrick, 1956). This locus is visualized
as a group of contiguous genes, each re-
sponsible for the various sub-characters of
heterostyly. Since the component genes
are tightly linked, they usually segregate
as a single unit or block. Within a super-
gene, rare crossing over can result in the
formation of novel floral forms in a single
generation. In many normally heterosty-
lous taxa, flowers occur that have the style
length of one floral form combined with
the anther level of the other form. These
floral types are termed homostyles, are
usually self-compatible and are predomi-
nantly self-fertilizing.

Although supergenes controlling hetero-
styly have been demonstrated in distylous
plants there is no experimental evidence
of their occurrence in tristylous species.
Evolutionary modifications in the tristy-
" lous syndrome of E. crassipes appear to
be the result of genetic mechanisms other
than those involving recombination in su-
pergenes. Modifications in subcharacters
of tristyly appear to result from gradual
changes in expression rather than through
structural changes in the heterostyly su-
pergene. Mid-styled forms at Palo Verde
exhibit continuous variation in the length
of the long stamen whorl. This variation
may be caused by the action of modifier
genes rather than that of major genes
which govern the sub-characters of tris-
tyly. Mather (1950) demonstrated the
presence of modifier genes in Primula si-
nensis which were capable of altering sta-
men and style lengths, resulting in hom-
ostyly. The genes segregated independently
of the S gene and were considered to be
polygenic in character and to constitute
part of the background genotype of the
species. Variability in the expression of
heterostyly also occurs in Amsinckia spec-
tabilis, where it may be due to modifier
genes and possibly environmental factors
(Ganders, 1975¢).

In 4% of the mid-styled flowers sampled
from Palo Verde, the upper set of anthers
is adjacent to the stigma. This type of con-
figuration of reproductive organs has been
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termed semi-homostyly, rather than hom-
ostyly, since not all the anthers in a flower
are adjacent to the stigma (Stout, 1925;
Lewis, 1954; Ornduff, 1972). In those taxa
which have been examined in detail, hom-
ostylous and semi-homostylous forms are
considered to be secondarily derived from
heterostylous ancestors (Crosby, 1949;
Baker, 1966; Ornduff, 1972). Frangois
(1964) reported mid-styled flowers of E.
crassipes in which the long level anthers
were situated close to mid stigmas. He in-
terpreted this condition as an indication
that floral trimorphism was still in the
process of being developed in E. cras-
sipes. I prefer the view that the semi-hom-
ostylous condition in E. crassipes repre-
sents a derived reproductive trait. This
view is based partly on analogy with other
heterostylous groups. It is also supported
by the relatively restricted occurrence of
semi-homostyly in a sexual population of
E. crassipes and by the presence in the
native range of fully developed floral tri-
morphism in the species and in related
taxa in the family (Barrett, 19775, 1978).

Uchida (1953) described anomalous
flowers of E. crassipes from Japan in
which the anthers and stigmas were at the
same level. However flowers of this type
occurred on the same inflorescence as
“normal” flowers indicating that in this
circumstance, semi-homostyly had arisen
as a result of abnormalities in develop-
ment. In the present study, the range of
variation in the lengths of stamens and
styles of flowers on an inflorescence was
small. Furthermore, measurements of flo-
ral parts of plants grown under field and
uniform glasshouse conditions were simi-
lar. This indicates that the variation in
length of reproductive organs has a major
genetic component.

One problem concerns the difference in
the degree of heterostyly expressed in the
two floral forms at Palo Verde. While a
reduction in the spatial separation of an-
thers and stigmas is apparent in the mid-
styled form, there is little evidence of any
change from the typical heterostylous con-
dition in long-styled plants. Evolution of
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semi-homostyly in the long-styled form
would involve either the lengthening of
the mid anther level or the shortening of
the long style. It is possible that alterations
of this type are prevented by develop-
mental constraints. Alternatively, the flo-
ral morphology of long-styled plants may
be maintained by selection.

Insect visitors to flowers of E. crassipes
at Palo Verde were abundant during No-
vember, 1975. Nevertheless, the seed set
of naturally pollinated plants was 15—}
that of artificially pollinated plants grown
under glasshouse conditions. This sug-
gests that seed production at Palo Verde
is sub-maximal, at least during part of the
year. This is probably due to ill-adapted
and “inefficient” pollinators which limit
fecundity in many populations of E. cras-
sipes, particularly in the species’ adven-
tive range (Barrett, 1977¢). Pollen collect-
ing insects are more likely to cause
pollination if the stigma is in close prox-
imity to anthers. The data on pollen loads
of naturally pollinated flowers supports
this view. The results illustrate that an
increase in pollen deposition accompanies
a reduction in the distance separating re-
productive organs. In addition, the facility
for autogamous seed set is greatly en-
hanced by the floral morphology of mid-
styled plants, particularly in those indi-
viduals with stigmas and anthers in close
proximity. These factors probably account
for the greater level of natural seed pro-
duction in mid- than in long-styled forms.
Although seed set at Palo Verde was sub-
maximal during November, 1975, the val-
ues for mid-styled plants were the highest
obtained in a survey of seed production in
nineteen New World populations of E.
crassipes.. Details of the survey are pre-
sented elsewhere (Barrett, 1977¢).

A further difference between the two
floral forms emerges from the controlled
crossing program. In all pollination types,
the seed productivity of mid-styled plants
was consistently higher than that of long-
styled plants. The basis for this difference
in reproductive potential is not known.
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The differences in floral morphology
and seed set between style forms at Palo
Verde suggest that mid-styled plants are
at a selective advantage compared to long-
styled plants. Little is known of the his-
tory of E. crassipes at Palo Verde marsh,
although it is likely that the species is in-
troduced to the region. Standley (1928)
considered E. crassipes to be adventive in
Central America and native to the South
American tropics (and see Sculthorpe,
1967, p. 462). The absence from Central
America of the short-styled form of E.
crassipes and of specialized pollinators of
the species such as Ancyloscelis gigas
(Barrett, 1977b) supports this view. Under
an ill-adapted and perhaps limited polli-
nator regime it is likely that floral modi-
fications which increase fecundity would
be at a selective advantage. Selection for
autogamy would therefore seem to be a
plausible explanation for the occurrence of
semi-homostyly at Palo Verde. Whether
or not the mid-styled segment of the pop-
ulation at Palo Verde is currently evolving
towards semi-homostyly is not known. It
is possible that an equilibrium among the
floral forms has been achieved.

The pattern of mating of the floral
forms at Palo Verde provides evidence of
the breakdown in function of heterostyly
as an outcrossing mechanism in E. cras-
sipes. Both floral forms experienced very
low levels of disassortative mating. This
was particularly surprising in the case of
the long-styled form. Its low frequency in
the population, combined with a floral
morphology which in comparison with
mid-styled forms would seem less likely to
result in self-pollination, suggested high
levels of disassortative mating. This ex-
pectation was not met. There was little
difference between the mating patterns of
long- and mid-styled plants. The low level
of disassortative mating probably results
from the pattern of insect visitation and
strong self-compatibility. Foraging bees
tended to visit most flowers on an inflo-
rescence before departing.

In addition to floral morphology, other
characters in E. crassipes exhibit devia-
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tions from the orthodox heterostylous con-
dition. In tristylous species, size dimor-
phism of pollen is substantially greater
between the two anther whorls in mid-
than in long- and short-styled forms (Dul-
berger, 1970; Ornduff, 1972; Weller,
1976). This is because there is normally a
relationship between anther level and pol-
len size, and mid-styled forms possess the
extreme anther levels (i.e. long and short).
However, the mid- and long-styled forms
of E. crassipes at Palo Verde exhibit sim-
ilar pollen size differences. Size dimor-
phism is identical in both forms and the
diameter of pollen from the mid anther
level of long-styled flowers is similar to
that from the long anther level of mid-
styled plants (Table 2). Associated with
these pollen size relationships is a similar-
ity in the amount of pollen produced by
the upper anther levels of the two style
forms. This is in contrast to other tristy-
lous species in which pollen production
has been estimated, where mid level an-
thers produce substantially more pollen
than long level anthers (Ornduff, 1975;
Weller, 1976).

The most profound modifications of the
tristylous breeding system of E. crassipes
involve alterations in the compatibility re-
lationships of floral forms. In the majority
of heterostylous taxa, a physiological self-
incompatibility system accompanies floral
heteromorphism (Vuilleumier, 1967).
However, in E. crassipes high levels of
self-compatibility have been demonstrated
in many populations (Frangois, 1964;
Mulcahy, 1975; Barrett, 19775, ¢). The
results of the present study are consistent
with these findings; all illegitimate polli-
nations of long- and mid-styled plants
from Palo Verde produced large amounts
of seed. Although this indicates the pres-
ence of self-compatibility, evidence for
weak or residual self-incompatibility in E.
crassipes was also obtained. Illegitimate
pollinations were less productive of seed
than legitimate pollinations. Reduced seed
set in self-pollinations can be due to weak
self-incompatibility, but this effect may
also result from the abortion of developing
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embryos due to inbreeding depression
(Brink and Cooper, 1947; Lloyd, 1968).
Previous studies have not enabled a dis-
tinction to be made between these factors.
However, since interform illegitimate pol-
linations between plants from Palo Verde
vielded levels of seed set similar to those
from self-pollinations, inbreeding depres-
sion phenomena are unlikely to be in-
volved.

The high levels of self-compatibility
currently exhibited by E. crassipes may
represent the result of a relaxation in the
strength of self-incompatibility. In gener-
al, where closely related taxa exhibit self-
incompatibility and self-compatibility, the
latter is considered to be derived (Lewis,
1954; Stebbins, 1957). Other tristylous
taxa in the Pontederiaceae possess incom-
patibility systems of various strengths
(Ornduff, 1966b; Barrett, 1977a, 1978),
suggesting that trimorphic incompatabili-
ty was perhaps dan ancestral condition in
Eichhornia. Further evidence for the
breakdown of trimorphic incompatibility
in E. crassipes concerns the weakening of
pollen heteromorphism in the species. A
weakening and eventual loss of pollen het-
eromorphism is concomitant with break-
down in self-incompatibility in other het-
erostylous taxa (Baker, 1966; Ornduff,
1972). Trimorphic incompatibility in Pon-
tederia cordata, P. rotundifolia and Eich-
hornia azurea is accompanied by strong
pollen trimorphism (Ornduff, 1966; Bar-
rett, 1977a, 1978), whereas in E. crassipes,
pollen heteromorphism is weakly devel-
oped.

In E. crassipes the functioning of tri-
styly as an outcrossing mechanism is dis-
rupted as a result of the evolution of
vigorous clonal propagation and the free-
floating habit (Barrett, 1977b). These
traits give E. crassipes prolific colonizing
ability but favor the establishment of pop-
ulations which are monomorphic or con-
tain a predominance of one style form.
High levels of self-compatibility further
restrict outcrossing by allowing illegiti-
mate fertilizations to occur. In ecological
circumstances favorable for sexual repro-
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duction, floral morphology may be subject
to evolutionary modification, particularly
in populations visited by an ill-adapted
pollinator fauna. Perhaps the most likely
outcome under these circumstances is the
breakdown of floral trimorphism and the
evolution of autogamy. The Palo Verde
population may exemplify a transitional
stage in the evolutionary sequence from
outbreeding to inbreeding in the species.
Progeny tests of semi-homostylous plants
would provide an opportunity to verify
this suggestion.

Elsewhere in Eichhornia, an autoga-
mous, semi-homostylous race is reported
in the normally tristylous E. azurea (Bar-
rett, 1978) and E. heterosperma, E. natans
and E. diversifolia are exclusively semi-
homostylous (Barrett, unpubl.). In Pon-
tederia, four species are tristylous and a
single semi-homostylous species (P. par-
viflova) is considered to be derived from
a tristylous ancestor (Lowden, 1973). This
suggests that breakdown of floral tri-
morphism has occurred on a number of
occasions in the Pontederiaceae and in
each case has resulted in the evolution of
inbreeding groups. Due to the limited oc-
currence of sexual reproduction in E.
crassipes, evolutionary modifications of
floral trimorphism are likely to occur at a
considerably slower rate than in other het-
erostylous taxa.

SUMMARY

Although vegetative propagation is the
principal means of reproduction in Eich-
hornia crvassipes, sexual reproduction
does occur in certain seasonal habitats. A
sexually reproducing population of E.
crassipes at Palo Verde, Costa Rica, is
composed of 80.2% mid- and 19.8% long-
styled forms. The expression of heterosty-
ly differs in the two forms. Wide variation
in the length of the long stamen whorl oc-
curs in mid-styled forms, whereas long-
styled forms exhibit the conventional con-
figuration of reproductive organs. In 4%
of mid-styled flowers, the long anther level
is adjacent to the stigma, a’condition
known as semi-homostyly. Size dimor-
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phism of pollen from the two anther levels
of each style form is identical. Both floral
forms are highly self-compatible, but dif-
ferences in seed set following legitimate
and inter-form illegitimate pollinations
demonstrate the presence of weak or re-
sidual self-incompatibility. Autogamous
seed set is greatly enhanced by the close
proximity of anthers and stigma in semi-
homostylous flowers. Long-styled flowers
set 0.5% capsules autogamously compared
with 0.0-66.9% in mid-styled flowers. In
naturally pollinated flowers, an increase
in pollen deposition accompanies a reduc-
tion in the distance separating anthers and
stigmas. Seed production in artificial and
naturally pollinated flowers is significantly
higher in mid- than in long-styled forms.
Progeny tests of naturally pollinated
plants indicate that both floral forms ex-
perience low levels of disassortative mat-
ing.

The Palo Verde population of E. cras-
sipes may exemplify a transitional stage in
the evolutionary sequence from outbreed-
ing to inbreeding in the species. Selection
for autogamy during periods of unreliable
or inefficient pollinator activity may ac-
count for the evolution of semi-homostyly
in E. crassipes.
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