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Turnera ulmifolia (Turneraceae) is a polymorphic complex native to the New World tropics
which is composed of heterostylous and homostylous forms. The distylous varieties elegans,
intermedia , and surinamensis exhibit the typical expression of heterostyly. Floral dimorphism is
associated with a strong self-incompatibility system and size dimorphism of pollen. Approxi-
mately equal representation of floral morphs occurred in 24 out of 28 New World populations
surveyed. In 9 out of 10 populations studied, there were no significant differences between the
seed fecundity of floral forms. Populations of the homostylous variety angustifolia are self-
compatible and produce monomorphic pollen.

In contrast to the majority of heterostylous species, some varieties of T. ulmifolia are ruderal

weeds. Varieties angustifolia, elegans, and intermedia are also used as garden ornamentals, and

man has played a major role in the expansion of their ranges. Weediness in T. ulmifolia is not
associated with features commonly found in other weed species, such as self-compatibility,
vigorous clonal propagation, and long-distance seed dispersal. However, the continuous year-
round flowering of T. ulmifolia plants gives populations a high reproductive capacity. Seed
dispersal is by ants which transport seeds relatively short distances. Local seed dispersal favors
the establishment of dense populations and increases the likelihood of seed set. Hence the
dispersal system of T, ulmifolia appears to be coadapted with the population requirements of the

breeding system.

Introduction

Turnera ulmifolia L. (Turneraceae) is a herbace-
ous to woody perennial which is native throughout
the Neotropics from Mexico to Argentina. It repre-
sents a polymorphic complex composed of white,
cream, yellow, and blue flowered forms which can
be either heterostylous or homostylous (Urban
1883).

Some varieties of T. ulmifolia, e.g., vars. angus-
tifolia, elegans, and intermedia, are conspicuous
‘elements of weed floras in both the New and Old
World tropics. Populations occur on roadsides and
in clearings and waste ground associated with
human disturbance, but are rarely found as weeds
of agricultural land or as components of undis-
turbed vegetation. Adventive populations of vars.
angustifolia and elegans are reported as ruderal
weeds in Mauritius, Madagascar, Seychelles, In-
dia, Sri Lanka, Malaysia, Indonesia, and Java

(Lock 1904; Van Steenis 1931;
Brizicky 1961).

Attention has been drawn to the predominance of
self-compatibility and particularly autogamy in
weed species (Baker 1955, 1965; Stebbins 1957).
Autogamy is considered to be adaptive to coloniz-
ing species by ensuring seed set regardless of popu-
lation size and density (Baker 1955). Since hetero-
stylous breeding systems are not generally as-
sociated with colonizing ability, a study of the re-
productive .biology of the heterostylous weed
members of the T. ulmifolia complex was initiated.

The purpose of this paper is to describe the floral
morphology and breeding systems of four varieties
of T. ulmifolia and to document a survey of the
reproductive biology of 30 populations occurring in
Central and South America. In addition, some sug-
gestions are made concerning the characters re-
sponsible for weediness in T. ulmifolia.

Backer‘ 1951;
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Materials and Methods

Urban (1883) recognized the polymorphic nature of Turnera
ulmifolia and described 12 intergrading varieties within the
complex. Later authors, working with adventive Asian popula-
tions, considered some varieties to be specifically distinct (Lock
1904;- Van Steenis 1931; Backer 1951). Since no modern
taxonomic revision of the complex is available (Brizicky 1961),
Urban’s treatment is followed in this paper. The varieties
utilized in this study were T. ulmifolia vars. angustifolia Willd.,
elegans Urb., intermedia Urb., surinamensis Urb., and a hybrid
form from Columbia which is intermediate between vars. ele-
gans and intermedia in morphology (S. Barrett, unpublished
‘data). Hereafter, varieties will be referred to by varietal names
only and the Columbian form termed elegans X intermedia.

The locality, habitat, and varietal status of populations sur-
veyed are presented in Table 1. Measurements of floral parts
were obtained from a single flower from each of 30 individuals of
each floral form in five populations. Style and stamen lengths
were measured from the base of the style, and the shortest
distance separating the stigmas and anthers within a flower was
recorded. The equatorial axes of 100 dry pollen grains were
measured for each floral form in five populations.

A controlled pollination program was undertaken in a
pollinator-free glasshouse at the University of California, Ber-
keley, during 1973-1976. Plants used in the program were grown
from seed obtained from open-pollinated plants in natural popu-
lations. The source and varietal status of these populations are
presented in Table 2. Pollinations were made on emasculated
flowers with the aid of forceps. Seed production resulting from
various pollen—carpel combinations was compared using Stu-
dent’s z-test.

Thirty populations (see Table 1) were sampled in order to
determine the representation of floral forms in each one. All
flowering individuals in a population were scored for floral form.
Where sample sizes were sufficient, equality of representation
(isoplethy) was tested by chi-square analyses. The seed fecun-
dity of floral forms in 10 populations was estimated, Capsules
were harvested from the majority of individuals in each popula-
tion and the number of seeds per capsule recorded.

Observations of flowering phenology and the occurrence of
insect visitors to flowers of T. ulmifolia were made at the major-
ity of populations. Detailed records of the foraging activity of
Exomalopsis sp. (Anthophoridae) and skippers (Hesperiidae)
were made at populations 16 and 28, respectively. Foraging
records commenced at flower opening and continued for a 3-h
period. A large number of insects was followed for a minimum of
five interplant flights per individual. The style form and number
of flowers visited on individual plants were recorded. The pres-
ence and activities of ants associated with plants of T. ulmifolia
were recorded at most populations. Ants were collected from
populations 1, 2, 3, 7, 16 and preserved in alcohol for identifica-
tion purposes.

Results

Floral Morphology
- The varieties of T. ulmifolia utilized in this study
differ from one another in a range of floral charac-
ters (Table 3, Fig. 1). The varieties elegans, inter-
media, surinamensis,and elegans X intermedia are
distylous. Populations of these taxa exhibit varia-
tion in the size of reproductive organs (Fig. 2), but
the mean style and stamen lengths are distinct in the

two floral forms and there is a reciprocal corre- .

spondence between the heights of stigmas and an-
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thers (Table 4). The minimum distance separating
reproductive organs tends to be smaller in long-
styled flowers compared with short-styled flowers.
This pattern is particularly evident in populations 6
(var. intermedia) and 22 (var. surinamensis).

Individuals of var. angustifolia grown from seed
and in populations S and 7 are of a single floral form
with long styles and mid- to long-level stamens. In
this homostylous form, the minimum distance
separating reproductive organs is similar to that
recorded for the long-styled form of heterostylous
varieties (Table 4).

In common with many distylous species, pollen .
dimorphism accompanies the differcnces in stamen
and style lengths in the heterostylous varieties
(Table 5). In each of the varieties, pollen grains
from the long set of anthers are significantly larger
than those from the short anther level, although
some overlap in the size classes of pollen from
different anther levels occurs. Pollen produced by
populations of var. angustifolia is monomorphic
for size.

Compatibility Relationships

A total of 88 plants of the distylous varieties was
utilized in the controlled crossing program.
Eighty-seven individuals were strongly self-
incompatible, yielding little seed from self-
pollinations (Table 6). A single plant, a long-styled
form of var. elegans from Crato, Brazil, was highly
self-compatible. A total of 14 self-pollinations con-
ducted on this plant all resulted in seed production
(x seed set per pollination 22.4, SD 9.8). In contrast
to self-incompatible plants, the self-compatible in-
dividual was cross-compatible with other long-
styled plants, when used as a pollen parent. Recip-
rocal own-form pollinations utilizing this individual
as the egg parent resulted in no seed production.

Legitimate pollinations (between anthers and
stigmas at equivalent levels) produced near maxi-
mal fruit production in each of the distylous var-
ieties. In three of the four populations utilized there
were significant differences between the seed pro-
duction of floral .forms. The mean seed set of
short-styled forms of vars. elegans and intermedia
was greater than that of long-styled forms in legiti-
mate pollinations. In hybrid plants from Colombia,
no significant difference in the seed production of
floral forms was obtained from legitimate pollina-
tions. :

All individuals of var. elegans from Malaya were
substantially less fecund than plants of the same.
variety from Brazil (Table 6). The mean seed set
per pollination in Malaysian plants was 12.5 com-
pared with 34.4 in plants from Brazil.
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TanLE 1. Varietal status, locality, and habitat of populations of Turnera uilmifolia surveyed

Date studied

1715

Population Variety Locality Habitat
1 intermedia Managua, Managua Dept., Nicaragua Wasteground July 1974
2 intermedia Santa Rosa, Guanacaste Prov., Costa Rica Roadside November 1975
3 intermedia . La Pacifica, Guanacaste Prov., Costa Rica Roadside November 1975
4% intermedia Caiias, Guanacaste Prov., Costa Rica Roadside November 1975 .
5 ~angustifolia Carias, Guanacaste Prov., Costa Rica Garden November 1975
6t intermedia Chitre, Herrera Prov., Panama Roadside June 1977
7*t angustifolia Panama City, Panama Prov., Panama Garden July 1974
8 intermedia Pacora, Panama Prov., Panama Roadside June 1977
9 intermedia Chepo, Panama Prov., Panama Roadside June 1977
10 intermedia El Sombrero, Gudrico St., Venezuela Roadside July 1977
11 intermedia Palo Seco, Guadrico St., Venezuela Wasteground  July 1977
12%% intermedia Calabozo, Guarico St., Venezuela - Roadside July 1977
13 elegans x
intermedia Dagua, Valle Dept., Colombia Roadside August 1974
14 elegans x :
intermedia Loboguerrero, Valle Dept., Colombia Roadside August 1974
15 elegans x :
intermedia Loboguerrero, Valle Dept., Colombia Wasteground August 1974
16*% elegans Manaus, Amazonas St., Brazil Wasteground September 1974
17 elegans * Manaus, Amazonas St., Brazil Wasteground September 1974
18 elegans Manaus, Amazonas St., Brazil Roadside July 1977
19 elegans Itacoatiara, Amazonas St., Brazil Wasteground July 1977
20 elegans .Oriximina, Para St., Brazil Wasteground July 1977
21 elegans Santarém, Para St., Brazil Wasteground July 1977
22%% surinamensis Santarém, Par4 St., Brazil Graveyard ~ July 1977
23* surinamensis Santarém, Pard St., Brazil Wasteground July 1977
24 surinamensis Santarém, Pari St., Brazil Wasteground July 1977
25* surinamensis Almeirim, Pard St., Brazil Roadside November 1974
26 elegans Boca de Jari, Amapa Terr., Brazil Garden September 1974
27% elegans Altamira, Para St., Brazil Wasteground November 1974
28* elegans Belém, Pard St., Brazil Graveyard September 1974
29 elegans Belém, Pard St., Brazil Garden September 1974
30* intermedia Barreirinhas, Maranhdo St., Brazil Wasteground August 1977 -

Note: All populations were sampled for style form representation (see Table 7). *, populations sampled for seed fecundity (see Table 10);

1, populations sampled for floral and pollen measurements (see Tables 4, §).

TABLE 2. Source and varietal status of plants of Turnera ulmifolia utilized in controlled pollination

studies
No. plants
Collection No. Variety Locality utilized
Barrett RU72-222 UR elegans Crato, Brazil 35
Stone and Ojima 12111 KLU elegans Selangor, Malaya 14
Barrett 1125 UC intermedia Caracas, Venezuela 16
Barrett 689 UC (population 13)  elegans X intermedia Dagua, Colombia 23
Barrett 670 UC (population 7) angustifolia Panama City, Panama 7
Stone 12149 KLU angustifolia Selangor, Malaya 5

Plants of homostylous var. angustifolia from
Malaya and Panama are self-compatible and mod-
erately autogamous. Self-pollination occurs at the
~completion of flowering. The reflexed anthers are
brought into contact with the stigmas by the wither-
ing of perianth parts. Twenty-one capsules result-
ing from autogamy in var. angustifolia yielded a
mean of 49.5 seeds per capsule.

Population Structure

Populations of distylous varieties of T. ulmifolia
are usually composed of long- and short-styled
plants. In 27 of the 28 populations surveyed, both
floral forms were represented (Table 7). Statisti-
cally significant isoplethy occurred in 24 popula-
tions.

Short-styled plants of var. elegans at Boca de
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TaBLE 3. Characters distinguishing varieties of Turnera ulmifolia .

Character

angustifolia

elegans

intermedia

surinamensis

Life-form

Chromosome no.*
Breeding system

Mean flower
diameter, mm
Mean petal length

x breadth, mm
Flower colour
.Distribution

Perennial, sub
shrub to 1-2m

n=15

Homostylous,
self-compatible

54.1

34.5 x 21.7 .
Deep yellow

_ West Indies,

introduced to Central
America? and
Old World

Herbaceous to woody

perennial to 1.5 m

n=10 )
Heterostylous,

self-incompatible

50.8

32.6 x 23.0
Cream with dark spot
Brazil,

introduced to
Old World

Herbaceous to woody

perennial to 1 m

n=2510,15?
Heterostylous,

self-incompatible

39.9

24.1 x 17.2

Pale to deep yellow
Central and South
America, Caribbean -

Herbaceous to woody
perennial to 0.75 m
?
Heterostylous,
self-incompatible

30.6
21.4 x 11.7

Pale blue
Guianas, Brazil, Mexico

Note: Quantitative data for floral characters (# = 10) from populations 7, 16, 6, 22.
*, from published counts and Barrett (unpublished).

FiG. 1. Varieties of Turnera ulmifolia: (A) var. elegans (long styled) (B) var. intermedia (short styled); (C) var.
" surinamensis (short styled); (D) var. angustifolia (homostyled).
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FiG. 2. Stamen and style lengths of individual plants in natural populations of Turnera ulmifolia: (A) population 16, var.
elegans; (B) population 6, var. intermedia; (C) population 22, var. surinamensis; (D) population 7, var. angustifolia.

‘TaBLE 4. Length of reproductive organs (mean and standard deviation in millimetres) in populations of Turnera ulmifolic

Long-styled form

Short-styled form

Mean Mean Mean Mean Mean Mean
: style stamen stigma-anther style stamen stigma-anther

Population length length separation length length separation

6 intermedia 11.8+1.1 8.4+0.8 1.3+£1.0 5.8+0.8 13.3+1.0 4.2+0.9

7 angustifolia

(homostyle) 23.2+1.3 19.9+1.6 1.5+1.4

12 intermedia 10.7+0.9 5.9+0.5 1.7+0.6 5.8+0.4 11.5+0.5 2.4+0.6
16 elegans 11.8+0.9 6.5+0.6 2.440.9 5.74+0.7 12.0+0.9 2.9+0.6
22 surinamensis 11.3+1.0 - 7.7+0.8 1.74£0.7 5.9+0.7 12.7+0.9 3.7+0.9
Jari, Amazdnia (population 26) were introduced to  Flowering Phenology

the settlement in the early 1960s for ornamental -
purposes. Propagation from stem cuttings and
root-borne shoots accounts for the monomorphic
structure of this population.
Populations of T. ulmifolia are usually composed
-of colonies of closely grouped plants (Fig. 3A) and
isolated individuals are relatively uncommon.

In varieties elegans, angustifolia, intermedia,
and elegans X intermedia, flowering commences
9-14 weeks after seed germination under glass-
house conditions. In young plants reproductive
shoots produce flowers on alternate days, but
flower production is almost continuous in vigorous,
mature individuals. Under field conditions, laxge’
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TABLE 5. Measurements of the diameter (mean and standard deviation in
micrometres) of pollen grains in populations of Turnera ulmifolia

Population Long-styled form Short-styled form r*

6 intermedia 65.75+3.90 76.50+3.12 21.48
7 angustifolia 83.62+3.15 Homostyle —
16 elegans 70.43+4.31 82.52+3.92 20.84
22 surinamensis 64.88+3.03 75.69+3.45 23.43

*All comparisons of means significant at P < 0.001.

TaBLE 6. Controlled pollinations of distylous varieties of Twrnera ulmifolia

Cross,* Plants = No. flowers No. capsules Percentage No. seeds Mean seed set Standard
e x g tested pollinated produced fruit set produced per pollination deviation
Variety elegans (Crato, Brazil)
LxS 18 237 237 100 7212 30'4T 13.0
SxL 17 172 172 100 6845 39.8 13.8
L self 18 77 4 5.2 81 1.1 4.7
S self 17 55 1 1.8 7 0.1 0.9
L xL 18 62 3 4.8 49 0.8 3.5
S xS 17 24 0 0 0 0 0
Variety elegans (Selangor, Malaya)
L xS 7 111 100 100 1107 10.0, 4.4
SxL 7 95 95 100 1477 15.6* 7.5
L self 7 40 0 o 0 0 0
S self 7 23 0 0 0 0 0
L xL 7 21 1 4.8 3 0.1 0.7
SxS 7 16 0 0 0 0 0
Variety intermedia (Caracas, Venezuela)
L xS 8 73 73 100 1077 14.8§ 6.8
SxL 8 75 75 100 1989 26.5 8.3
L self 8 35 0 0 0 0 0
S self 8 66 2 3.0 7 0.1 0.9
L xL 8 9 0 0 0 0 0
S x 8 8 13 0 0 0 0 0
Variety elegans x intermedia (Dagua, Colombia)

L xS 10 82 82 100 1632 19.9” 7.2
SxL 13 70 70 100 1274 18.2 7.4
L self 10 31 1 3.2 3 0.1 0.5
S self 13 56 4 7.1 11 0.2 0.8
L xL 10 22 6 27.3 90 4.1 7.9
SxS8§ 13 25 i 4.0 5 0.2 1.0

*L, long-styled form; S, short-styled form.

tP < 0.00i; r = 6,97,

1P < 0.001; t = 6.40,

§P < 0.001; r = 9.39,

liNot significant; ¢ = 1.43.

plants of vars. elegans and angustifolia produce
between 50 and 150 flowers on a single day. Due to
the smaller stature of vars. intermedia, surinamen-
sis, and elegans X intermedia, daily flower produc-
tion is considerably lower than in the other two
varieties.

The flowering phenology of T. ulmifolia varies in
different parts of its range. In humid forest zones
such as Amazonia, where sufficient moisture is
available, plants flower throughout the year (see
Ball 1933; Martin 1965). In strongly seasonal cli-
mates, with savanna or caatinga vegetation, flower-

ing is more pronounced during the wet season.
Depending on the severity of the dry season, 7.
ulmifolia acts as an annual, dying back altogether
during drought periods, e.g. NE Brazil (S. Barrett,
personal observation), Llanos, Venezuela (M.
Kalin Arroyo, personal communication).
Individual flowers of T. ulmifolia open between
7:00 and 8:00 a.m. and close 3—4 hlater. Dull or cool
weather delays flowering by several hours. A single
flower opens for 1 day only. There were no differ-
ences among the heterostylous varieties in the an-
thesis period of individual flowers under glasshouse
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. TaBLe 7. Representation of floral forms in New World populations of
Turnera ulmifolia

N

Population Long style Short style Homostyle Total %
1 9 3 —_ 12 —*
2 25 20 —_ 45 0.56
3 47 49 — 96 0.04
4 107 103 — 210 0.08
5 — — 9 9 —
6 94 100 — 194 0.19
7 — — 35 35 —
8 63 71 — 134 0.48
9 78 65 — 143 1.18
10 39 40 — 79 0.01
11 107 112 — 219 0.11
12 122 119 — 241 0.04
13 51 54 — 105 0.09
14 84 72 — 156 0.92
15 49 57 — 106 0.60
16 267 236 — 503 1.91
17 155 153 — 308 0.01
18 133 137 —_— 270 0.06
19 34 36 — 70 0.06
20 28 35 —_ 63 0.78
21 53 80 — 133 5.48*
22 74 76 —_ 150 0.03
23 127 129 — 256 0.02
24 11 9 — 20 0.20
25 1 1 — 2 —
26 0 55 — 55 —*
27 167 179 —_ 346 0.42
28 527 558 — 1085 0.89
29 1 3 — 4 —
30 62 64 —_ 126 0.03

*Significant deviation from 1:1.

conditions. However, flowers of homostylous var.
angustifolia remain open for 2-3 h longer than
flowers of heterostylous plants.

Pollination _

The prolific flowering and showy entomophilous
flowers of T. ulmifolia attract a wide range of insect
visitors which feed on pollen and nectar (Table 8).
Turnera ulmifolia is probably an important food
source for many insects since it occurs in plant

communities composed of weed species with rela-

tively inconspicuous flowers and limited food re-
wards. The most frequent visitors to flowers of 7.
ulmifolia were skippers (Hesperiidae, Fig. 3B),
'small pollen-collecting bees (Trigona and Halic-
tidae), and the introduced honey bee (Apis mell-
ifera L.). These species probably vary in their ef-
fectiveness as pollinators of 7. ulmifolia. :
Observations of the foraging activity of skippers
at population 28 (var. elegans) suggest that these
particular lepidopterans do not show any prefer-
‘ence for either style form as a food source (Table 9).
Of a total of 223 flights to plants recorded over a 3-h
period, 111 were to long-styled forms and 112 were

to short-styled individuals. Although var. elegans
produces a large number of flowers on an individual
plant (Fig. 3A), the majority of skipper visits
(78.0%) were to one or two flowers per plant. A
similar pattern of foraging was observed in an-
thophorid bees (Exomalopsis sp.) in population 16
at Manaus. Seventy-three percent of the visits to
plants were to either one or two flowers per plant. It
is not clear why these different groups of insects do
not visit more flowers on an individual before de-
parting, but the foraging pattern must reduce the
likelihood of pollinations between flowers on the
same plant (geitonogamy).

Seed Fecundity

Seed production occurred in all populations with
the exception of population 26 at Boca de Jari.
There were no significant differences in seed set per
capsule between the two floral forms in each of the
nine heterostylous populations sampled for seed
fecundity (Table 10).

Population 30 (var. intermedia) at Barreirinhas,
Brazil, is polymorphic for a dark brown spot at the
base of the corolla. The spotted morph represents
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TaBLE 8. Insect visitors to flowers of Turnera ulmifolia

Insect visitor Population Food source utilized

Diptera
Bombyliidae 16 Pollen and nectar
Syrphidae . 29 Pollen

Hymenoptera
Apis mellifera L. (Apidae) 7,19, 22,27,29 Pollen and nectar
Eulaema nigrita Lep. (Apidae) 29 Pollen and nectar
Eulaema sp. 2 (Apidae) 29 Pollen and nectar
Trigona spp. (Meliponidae) 16,22 Pollen and extra floral nectar
Exomalopsis sp. (Anthophoridae) 16 Pollen and nectar
Epicharis sp. (Anthophoridae) 29 Pollen and nectar
Centris sp. (Anthophoridae) 16 Pollen and nectar
Polistes (Vespidae) 29 » Extra floral nectar
Halictidae 3,5,7,22,29 Pollen

Lepidoptera :
Hesperiidae 1,3,5,6,12,16,22,27,29 Nectar
Large Lepidoptera 3,22,29 Nectar

F1G. 3. (A) Population 28 of Turnera ulmifolia var. elegans, Belém, Brazil. (B) Skipper feeding on nectar from flower of T.
ulmifolia var. intermedia (population 1). (C) Ants transporting seeds of T. ulmifolia var. angustifolia (population 7). Note the
white, fleshy aril attached to seeds. (D) Ant (Ectatomma sp.) feeding from extrafloral nectaries of T. ulmifolia var. elegans
(population 16). Note the position of nectaries below the seed capsule.



BARRETT

1721

TaBLE 9. Foraging patterns of insect visitors to flowers of Turnera ulmifolia

No. plants
No. flowers :
visited per Long- Short-
plant visit styled styled

Total
plants

Percentage of
total visits

Solitary bee (Hymenoptera, Exomalopsis),
population 16 (var. elegans, Manaus)

1 .23 35 58 49.6
2 12 16 28 23.9
3 6 3 9 7.7
4 5 9 14 12.0
5 -0 4 4 3.4
>5 1 3 4 3.4
Total 47 70 117 100
Skipper (Lepidoptera, Hesperiidae),
population 28 (var. elegans, Belém)
1 61 58 119 53.3
2 32 23 55 24.7
3 9 20 - 29 13.0
4 4 8 12 5.4
5 2 1 3 1.3
>5 3 2 5 2.3
Total 111 112 223 100

TaBLE 10. Seed fecundity of floral forms in New World populations of Turnera ulmifolia

Long-styled form

Short-styled form

No. capsules  Mean seeds Standard No. capsules Mean seeds Standard
Population sampled per capsule deviation sampled per capsule deviation
4 intermedia 100 13.6 9.0 120 12.4 9.7
12 intermedia 65 10.0 7.7 67 10.1 9.6
16 elegans 202 16.6 7.3 221 17.1 6.6
22 surinamensis 30 21.0 8.8 30 24.3 13.1
23 surinamensis 89 19.1 8.2 106 18.3 8.5
25 surinamensis 16 12.4 4.3 12 11.3 8.5
27 elegans 114 14.7 7.2 120 16.7 12.0
28 elegans 127 16.4 8.7 129 14.9 8.3
30 intermedia 111 20.2 10.9 110 19.5 12.7

NoTe: All comparisons of means are not significant at P = 0.00].

7.0% of the plants in the population and includes
both long- and short-styled forms. There were no
significant differences in seed set per capsule be-
tween the spotted (x = 18.8, SD = 12.1, n 152)
and unspotted (x 19.8, SD = 11.8, n = 221)
morphs within the population.

Twenty capsules harvested from the small gar-
den population of homostylous var. angustifolia in
- Panama (population 7) averaged 74.3 seeds per
capsule (SD = 22.8).

Seed Dispersal

Seeds of T. ulmifolia are scattered to the ground
during capsule dehiscence, which occurs from 20 to
30 days after fertilization. Attached to the narrow
end of the 2- to 3-mm-long seed is a shield-shaped
aril (Fig. 3C). The aril is soft, white, and contains

fat bodies (elaiosomes) and starch, which are at-
tractive to ants as a food source (Lock 1904; Van
der Pijl 1972). Lock (1904) reported seed dispersal
by ants (myrmecochory) in introduced populations
of var. elegans on Sri Lanka. At populations 3 (var.
intermedia), 7 (var. angustifolia), and 16 (var. ele-
gans), ants were observed both feeding on the arils
of Turnera seeds and transporting seeds into ant
holes in the vicinity of T. ulmifolia plants (Fig. 3C).
At each population, seeds freshly harvested from
capsules were scattered around ant holes. Within 1
h almost all seeds had been transported into holes
by ants. The observed maximum distance for seed
dispersal by an ant was 3 m.

Turnera ulmifolia possesses both floral and
extrafloral nectaries (Elias er al. 1975). Paired
extrafloral nectaries occur on the petiole near the
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TABLE 11. Ants associated with Turnera uimifolia

Population Ant species

Activity

‘1. Managua, Nicaragua

- {var. intermedia)

2, Santa Rosa, Costa Rica
(var. intermedia)

Ectatomma ruidum Roger, and
Solenopsis geminata (Fabricius)

Ectatomma ruidum Roger,
Pseudomyrmex gracilis (F. Smith),

Feeding at extrafloral nectaries

Feeding at extrafloral nectaries

Monomorium ebininum Forel, and
Camponotus rectangularis Emery

3. La Pacifica, Costa Rica
(var. intermedia)

o (Latreille)

7. Panama City, Panama
(var. angustifolia)

“Crematogaster brevispinosa Mayr,
and Paratrechina longicornis

Ectatomma ruidum Roger,
Acromyrmex octospinosus (Reich),

Feeding at extrafloral nectaries
and transporting seeds

Feeding at extrafloral nectaries
and transporting seeds

and Azteca alfari Emery

16. Manaus, Brazil
(var. elegans)

Ectatomma ruidum Roger,
Ectatomma quadridens (Fabricius),
Camponotus naegelii Forel?,

Feeding at extrafloral nectaries
and transporting seeds

Odontomachus bauri Emery,
Solenopsis globularia F, Smith,
Acromyrmex hystrix (Latreille),
Pheidole sp. 1, and Pheidole sp. 2

developing seed capsule (Fig. 3D). Ants were ob-
served feeding from foliar nectaries at the majority
of populations investigated in this study. A total of
16 species of ants was collected from T. ulmifolia
plants (Table 11). Ectatomma ruidum Roger was
found associated with T. wlmifolia plants in
Nicaragua, Costa Rica, Panama, and Brazil. At
populations 3, 7, and 16 the same species of ants
were observed both transporting seeds and feeding
on extrafloral nectar (Table 11).

Discussion

Heterostylous breeding systems are reported
from 24 flowering plant families representing di-
verse phyletic assemblages (Vuilleumier 1967). In
some families, such as the Turneraceae and
Rubiaceae, a large proportion of taxa is heterosty-
lous (Urban 1883; Bir Bahadur 1968); whereas in
other families, e.g. Leguminosae and Saxi-
fragaceae (Vogel 1955; Ornduff 1971), few species
exhibit this type of floral polymorphism. Despite
the incongruence in taxonomic affinity among
heterostylous families, the syndrome of characters
associated with floral heteromorphism is similar
and usually includes a reciprocal arrangement of
style and stamen lengths, self-incompatibility, and
pollen heteromorphism (Vuilleumier 1967).

The expression of heterostyly in the T. ulmifolia
complex is typical of many heterostylous families.
The results of controlled pollinations confirm ear-
lier studies by LLock (1904) and Martin (1965), both
of whom demonstrated the association of a self-
incompatibility system with floral dimorphism.
Martin (1965) documented wide variation in the

size of reproductive organs in the two floral forms
of T. ulmifolia in Puerto Rico. He interpreted this
pattern of variation as an indication that ‘‘the mor-
phological features of distyly in T. ulmifolia are not
well co-ordinated’” and that heterostyly in T. ul-
mifolia is ‘‘less developed or incomplete’” com-
pared with other heterostylous species. There are
difficulties in accepting this interpretation. Al-
though variation in the size of floral organs of 7.
ulmifolia was also obtained in the present study, a
review of distyly (Ganders 1975) provides evidence
which suggests that this may be a general feature of
most distylous plants. ,

Lock (1904) found that the seed production of the
long-styled form of var. elegans in Sri Lanka was
considerably greater than that of the short-styled
form under conditions of open pollination. In the
present study, it was not possible to detect differ-
ences in the seed fecundity of floral forms in the
nine heterostylous populations sampled. However,
in artificial pollinations of Brazilian and Malaysian
plants of var. elegans under glasshouse conditions,
average seed set was greater in the short- than the
long-styled form.

Substantial differences in seed fecundity were
evident between Brazilian and Malaysian plants of
var. elegans, with Brazilian genotypes producing
two to three times more seeds than Malaysian
plants following legitimate pollinations. The levels
of seed production obtained from controlled polli-
nations and in natural populations of Brazilian
plants were also considerably higher than values
reported from Sri Lanka (Lock 1904) and Indonesia
(Van Steenis 1931). This suggests that populations
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in parts of the adventive range of var. elegans may
be less fertile than those from Brazil. Evidence to
support this suggestion comes from cytological
studies. Raman and Kesavan (1964) report abnor-
malities including univalents and laggards in 63% of
meiotic cells observed in var. elegans from India.
Similar meiotic aberrations were observed in
Malaysian plants utilized in this study (S. Barrett,
unpublished data) and pollen stainability was low (x
pollen stainability 59.7%, n = 30 flowers, range
31-78%). In contrast, pollen stainability in Brazi-
lian plants was in excess of 95% and meiosis ap-
peared normal. The reduced fertility of some Asian

plants could be the result of the chance introduction

to Asia of infertile genotypes or subsequent reduc-
tion in fertility due to ‘inbreeding’ within a limited,
introduced gene pool. In a self-incompatible
species this is likely to expose deleterious genes,
normally sheltered in the heterozygous condition,

and lead to inbreeding depression (Stebbins 1957). -

Although heteromorphic incompatibility is
strongly developed in the T. ulmifolia complex,
occasional individuals are self-compatible. A single
plant of var. elegans among a total of 49 individuals
tested was found to be thoroughly self-compatible.
Pollen of the exceptional plant was capable of pro-
ducing seed in own-form pollinations, but in recip-
rocal own-form pollinations no seed was obtained.
These findings indicate modifications in the incom-
patibility behavior of pollen grains, rather than sty-
lar tissue. Such modifications are independent of
pollen size since the self-compatible individual
produced pollen of a similar size to other long-
styled plants. Breakdown of self-incompatibility
can result from loss of S-allele activity, S-locus
duplication, or a change in the action of major or
minor genes upon the S locus. The appearance of
rare self-compatible individuals appears to have
little influence on the population structure and
overall functioning of outbreeding in heterostylous
varieties of T. ulmifolia.

It has been suggested that the most efficient
breeding structure in populations of heterostylous
plants is one in which the floral forms are equally
represented (Mather and De Winton 1941). Al-
though T. ulmifolia populations occur in disturbed
habitats and are often recently established, the pre-
dominant population structure is one of isoplethy.
No formal genetic analysis of style form was under-
taken in this study, but families obtained from
open-pollinated plants segregated equal numbers of
style forms. This finding, taken in conjunction with
the data on population structure, suggests that the
inheritance of style form in T. ulmifolia may be of
the conventional ‘Primula type’ with a single locus

“levels within a flower.
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and two alleles (Ss, ss), onie of which is a simple
Mendelian dominant (Bateson and Gregory 1905).
With this inheritance pattern and complete disas-
sortative mating guaranteed through strong self-
incompatibility, a 1:1 morph ratio could be ob-
tained in one generation regardless of the initial
frequency of forms in founder populations (Hal-
dane 1936).

In common with other heterostylous groups, the
T. ulmifolia complex contains heterostylous and
homostylous forms. Darwin (1877) introduced the
term homostyly to refer to plants which are
evolutionarily derived from heterostylous ances-
tors and possess anthers and stigmas at equivalent
Small-flowered, self-
compatible, homostylous forms have since been
described from several heterostylous families
(Baker 1959, 1961; Ornduff 1972, 1976).

Turnera ulmifolia var. angustifolia differs in sev-
eral respects from typical homostylous forms. The
flowers are larger in size than those of heterosty-
lous forms in the complex. This indicates that there
are exceptions to the commonly held view, that
flower size in self-compatible species is smaller
than in closely related self-incompatible species
(Lewis 1956; Lloyd 1965; Bawa and Opler 1975). In
homostylous flowers of var. angustifolia anthers
are positioned below the stigmas of long styles.
Hence during flowering the anthers and stigmas are
not in contact and self-pollination occurs after an-
thesis. Insects visit flowers of var. angustifolia for
pollen and nectar, and it is likely that under field
conditions considerable outcrossing occurs, The
seed fecundity of naturally pollinated plants from
Panama was 33.4% higher than values obtained
from autogamous seed set under glasshouse condi-
tions. Whether or not var. angustifolia is strictly
homostylous in the Darwinian sense is not clear.
Detailed biosystematic studies are necessary to
confirm whether var. angustifolia is a derivative of
a heterostylous ancestor.

In several heterostylous families, such as the
Oxalidaceae, Boraginaceae, and Sterculiaceae, the
evolution of homostyly and self-compatibility is
associated with increased colonizing ability and the
development of the weedy habit (Baker 1959;
Ornduff 1971, 1976; Martin 1967). In the Turnera
ulmifolia complex, homostylous forms show no
greater propensity to become weeds than do the
heterostylous varieties. Indeed, throughout Cen-
tral America and Venezuela, heterostylous var. in-
termedia is the most commonly encountered weed
form in the complex. In northern Brazil, var. in-
termedia is replaced by heterostylous var. elegans
as the predominant weed of waste ground. Adven-
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tive populations of var. elegans and homostylous
var. angustifolia have achieved similar ranges in
the Old World.

In temperate regions there are few heterostylous
weeds. Temperate weeds are usually characterized
by inconspicuous flowers, self-compatibility, and
autogamous breeding systems (Baker 1955, 1965,
1974; Mulligan and Findlay 1970). However, in the
tropics a number of heterostylous species are re-
ported as weeds. These include Melochia and
Waltheria spp. (Martin 1967; Cardenas et al. 1972),
Eichhornia crassipes (Barrett 1977a), Pontederia
spp. (Bristow et al. 1972; Barrett 1977b), Nym-
phoides humboldtiana (= indica) (Dirven and
Poerink 1955; Bristow et al. 1972), and Oxalis spp.
{Baker 1965).

The difference in the number of heterostylous
weeds between the two areas probably reflects the
greater number of perennial weeds in tropical re-
gions. Outbreeding mechanisms, such as hetero-
styly, appear to have developed more commonly in
association with the perennial, rather than the an-
nual, life-form. Nevertheless, heterostyly as-
sociated with diallelic incompatibility poses certain
restrictions on colonizing ability, since population
establishment requires the chance introduction of
both incompatibility groups to a site. Where weedi-
ness has developed in heterostylous groups it is

frequently associated with vigorous clonal propa- .

gation and (or) the breakdown of self-incom-
patibility (Martin 1967; Barrett 19774, 1977b)
However, in T. ulmzfolza self-mcompatlblhty is
strongly developed in the heterostylous varieties,
and vegetative reproduction is of relatively limited
importance. It is, therefore, of interest to examine
those features which have enabled T. ulmifolia to
become a widespread tropical weed, in spite of a
breeding system which might be expected to re-
strict colonizing ability.

The perennial habit of T. ulmifolia plants and
their capacity for continuous flower production en-
hance opportunities for successful matings. In ad-
dition, these traits give the species considerable
reproductive potential. Daily seed output in excess
of 200 seeds is not unusual for mature individuals of
vars. angustifolia and elegans. Ball (1933) has
shown that 60% of the dry matter present in corol-
las of var. elegans is translocated back into the
shoot before flowers are shed and thus assimilates
are available for the production of subsequent
flowers. This pattern of resource allocation pre-
sumably aids in maintaining continuous flower pro-
duction. .

Although T. ulmifolia has a high reproductive
capacity, there is some evidence that, unlike many
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successful weeds, the species appears to lack great
powers of natural seed dispersal over long dis-
‘tances. Seeds of 7. ulmifolia are not particularly
small for a weed species and they do not possess

~adaptations for long distance dispersal. Dispersal

of T. ulmifolia is primarily by ants, which have only
limited powers of dispersal in terms of distance
(Van der Pijl 1972).

Field observations of natural popu]atlons sup-
port the view of limited distance dispersal in 7.
ulmifolia. The majority of New World populations
observed in this study were composed of colonies
of closely grouped individuals and isolated plants
were rather uncommon. In Amazonia, naturalized
populations of var. elegans flourish on waste
ground in the vicinity of settlements, but as yet
there has been little invasion of the disturbed
habitats along the edges of roads linking the towns.
Other widespread tropical weeds with greater dis-
persal powers have rapidly colonized roadside
habitats.

Detailed studies of ant dispersal in T. ulmifolia
are required in order to document the mechanism
and rate of invasion of disturbed habitats. At this
stage it would appear that the dispersal systemof T -
ulmifolia is suitably coadapted with the population
requirements of the breeding system. The social
behavior of ants associated with 7. ulmifolia tends
to concentrate seeds in localized areas. This pat-
tern of seed dispersal favors the establishment of
dense colonies of plants and increases the likeli-
hood of seed set.

In contrast to the limited powers of natural dis-
persal in T. ulmifolia, human factors have probably
played a more important role in enlarging the over-
all range of the species and providing an opportun-
ity for the exploitation of new disturbed habitats.
The large, showy flowers and profuse flowering
habit of vars. angustifolia, elegans, and intermedia
give these forms considerable horticultural value
and their ranges have been greatly expanded as a
result of their use as garden plants (Lock 1904;
Backer 1951; Brizicky 1961; Martin 1965). The fu-
ture increase in disturbed habitats associated with
human settlement in tropical regions is likely to
favor further spread of the T. ulmifolia complex.

Acknowledgments

I thank Herbert Baker, Irene Baker, Suzanne
Barrett, and Ghillean Prance for assistance with
various aspects of this study. I am grateful to
Robert Ornduff, Ben Stone and Mary Kalin Arroyo
for providing seed material of Turnera ulmifolia
and to Charles Michener and Roy Snelling for in-
sect identifications. Field studies were supported in



BARRETT

spart by grants to the University of Reading Plant
‘Collecting Expedition to NE Brazil and the Center
for Latin American Studies, University of Califor-
nia, Berkeley.

Backer, C. A. 1951. Turneraceae. Flora Malesiana Ser. |
Spermatophyta, 4: 235-238.

‘BAKER, H. G. 1955. Self-compatibility and establishment after
long distance dispersal. Evolution, 9: 347-349.

1959. The contribution of autecological and genecologi-

cal studies to our knowledge of past migrations of plants. Am.

Nat. 93: 255-272.

1961. Rapid speciation in relation to chcmges inthe breed-

ing systems of plants. In Recent advances in botany. Univ.

Toronto Press, Toronto. pp. 881-885.

1965. Characteristics and modes of origin of weeds. In

"The genetics of colonizing species. Edited by H. G. Baker and

G. L. Stebbins. Academic Press, London and New York. pp.

147-168.

1974. The evolution of weeds. Annu. Rev. Ecol. Syst. §:
1-24.

‘Bart, N. G. 1933. A physiological investigation of the ephem-
eral flowers of Turnera ulmifvlia L. var. elegans Urb. New

, Phytol. 32: 13-36.

BarretT, S. C. H. 1977a. Tristyly in Eichhornia crassipes
-(Mart.} Solms (water hyacinth). Biotropica, 9: 230-238.

‘L., a tristylous species. New Phytol. 78: 209-220.

‘BATESON, W., and R. P. GREGORY. 1905. On the inheritance of
heterostylism in Primula. Proc. R. Soc. London Ser. B, 76:
.581-586.

Bawa,K.S.,and P. A.OPLER. 1975 Dioecism in tropical forest
‘trees. Evolutlon, 29: 167-179.

‘BIR BAHADUR. '1968. Heterostyly in Rubiaceae: a review. J.

Osmania Univ. (Sci.), Golden Jubilee Special Vol. pp.
207-238.

Bristow, J. M., J. CARDENAS, T. M. FULLERTON, and 1.
‘S1ErrA F. 1972. Malezas acuaticas. Aquatic weeds. Colom-
bian Agricultural Institute and International Plant Protection
Center. Bogota, Columbia.

" Brzicky, G. K. 1961. The genera of Turneraceae and Pas-
“sifloraceae in the Southeastern United States. J. Arnold Ar-
bor. Harv. Univ. 42: 204-218. .

"CARDENAS, J., C. E. REYES, J. D.DoLL, and F. PArDO. 1972.
Tropical weeds. Malezas tropicales. Vol. 1. Columbian Ag-
ricultural Institute and International Plant Protection Center.
Bogota, Columbia.

Darwin, C. 1877. The different forms of flowers on plants of the
same species. John Murray, London.

DirvEN, J. G. P., and H. G. PoErINK. 1955. Weeds in rice and

1977b. The breeding system of Pontederia rotundifolia -

§725

their control ln Surinam. Trop. Agric. (Trinsdad), 32:
115-123.

Erias, T. S., W. R. RozicH, and L. NEWCOMBE. 1975, Thc
. foliar and ﬂoral nectaries of Turnera ulm«folm Am. X.Bot. 62:
570-576.

GANDERS, F. R. 1975. The function and adaptive significance of
distyly. Ph.D. dissertation. Univ. California, Berkeley.
HALDANE, J. B, S. 1936. Some natural populations of Eyrhkrum

salicaria. ]. Genet. 32: 393-399. _

Lewis, D. 1956. Genetics and plant breeding. Broolhaven
Symp. Biol. 9: 89-100.

Lioyp, D. 1965. Evolution of self-compatibility and racial daf-
ferentiation in Leavenworthia (Cruciferae). Contrir. Gray
Herb. Harv. Univ. 195: 3-134.

Lock, R. H. 1904. Ecological notes on Turnera ulmifolia L.. var.
elegans Urban. Ann. R. Bot. Gard. Perad, 2: 107-119.

MaRrTiN, F. W. 1965. Distyly and incompatibility i 'Fumera
ulmifolia. Bull. Torrey. Bot. Ciub, 92: 185-192.

1967. Distyly, self-incompatibility, and evelstion in
Meiochia. Evolution, 21: 493-499.

MATHER, K., and D. DE WINTON. 1941. Adaptation and
counter-adaptation of the breeding system in Primula. Ann.
Bot. (London), 5: 297-311.

MuLLIGAN, G. A., and J. D. FinpLAY. 1970. Reproductive
systems and colonization in Canadian weeds. Can. J. Bot. 48
859-860. .

OrnDUFF, R. 1971. The reproductive system of Jepsonia
heterandra. Evolution, 25: 300-311.

1972. The breakdown of trimorphic incompatibility im

Oxalis section Corniculatae. Evolution, 26: 52-65.

1974. Heterostyly in South African flowering plants: a

conspectus. J. S. Afr. Bot. 40: 169-187.

1976. The reproductive system of Amsinckia grandiffora,
a distylous species. Syst, Bot. 1: 57-66.

RaMaN, V. S,, and P. C. KesavaN. 1964, Meiosis and the
nature of polyploidy in Turnera ulmifolia. J. Indiam Bot. Soc.
43: 495-497.

StesBINs, G. L. 1957. Self-fertilization and populauomvanab:i»
ity in the higher plants. Am. Nat. 91: 337-354.

Ursan, I. 1883. Monographie der Familie der Turmeraceemn.
Gebruder Borntraeger, Berlin.

" VaN DER PuL, L. 1972. Principles of dispersal in higher plants.

- ‘Springer-Verlag, Berlin. .

Van STeents, C. G. G.J. 1931. De Turnera’s van Nederlandsch
Oost Indie. Tropische Natuur Orgaan Ned.-Indische Natuur-
hist. Ver. 20: 227-231.

VOGEL, S. 1955. UUber den Bliitendimorphismus einiger siidaf-
rikanischer Pflanzen. Ost. Bot. Z. 102: 486-500.

VUILLEUMIER, B. S. 1967. The origin and evolutionary de-
velopment of heterostyly in the angiosperms. Evolution, 21z
210-226.



