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† Background and Aims Trithuria, the sole genus in the family Hydatellaceae, is an important group for under-
standing early angiosperm evolution because of its sister relationship to the ancient lineage, Nymphaeales (water
lilies). Although also aquatic, Trithuria differs from water lilies in that all species are extremely small, and most
have an annual life form and grow in seasonal wetlands. Very little is known about their reproductive ecology.
This paper reports on reproductive timing, mode of pollination and characteristics of the breeding system of
Trithuria submersa in Western Australia.
† Methods Mass collections of open-pollinated plants from different ecological settings were used to characterize
the reproductive developmental sequence and natural pollen reception. Hand-pollination, caging and emascula-
tion experiments were used to measure outcross + geitonogamous pollen reception versus autonomous
self-pollination in two populations over two field seasons.
† Key Results Natural outcross or geitonogamous pollination was by wind, not by water or insects, but pollen
reception was extremely low. Pollen production was very low and pollen release was non-synchronous within
populations. The pollen to ovule (P/O) ratio was 23.9, compared with 1569.1 in dioecious Trithuria austinensis.
Stigmas became receptive before male phase and remained so until anthers dehisced and autonomous self-
pollination occurred. Natural pollen loads are composed primarily of self pollen. Self- and open-pollinated
plants had equivalent seed set (both .70 %). Self-pollinated plants produced seed within 17 d.
† Conclusions Autonomous self-pollination and self-fertilization are predominant in T. submersa. The low P/O
ratio is not an artefact of small plant size and is inconsistent with long-term pollination by wind. It indicates
that T. submersa has evolved a primarily autogamous breeding system. Selfing, along with the effect of small
plant size on the speed of reproduction, has enabled T. submersa to colonize marginal ephemeral wetlands in
the face of unpredictable pollination.

Key words: Autogamy, basal angiosperm, delayed self-pollination, Hydatellaceae, Nymphaeales, wind
pollination, reproductive assurance, reproductive timing, stigma receptivity, Trithuria submersa.

INTRODUCTION

Nymphaeales is an ancient lineage that diverges from the
basal-most or next most basal node of the flowering plant phy-
logenetic tree (Qiu et al., 1999; APG III, 2009) and is rep-
resented among the oldest known angiosperm macrofossils
(Friis et al., 2001, 2009; Wang and Dilcher, 2006; Mohr
et al., 2008; Taylor et al., 2008). Trithuria, the sole genus
within the family Hydatellaceae, has recently been placed
as sister to the water lilies, Nymphaeales sensu stricto
(s.s.) (Nymphaeaceae + Cabombaceae; Saarela et al., 2007;
Borsch et al., 2008). A number of morphological and anatom-
ical features unite these two ancient groups (e.g. Rudall et al.,
2007; Friedman, 2008; Endress and Doyle, 2009). However,
the reproductive ecology and life history of Trithuria species
are likely to be quite different from water lilies and have not
yet been studied in detail in the wild.

Water lilies are herbaceous perennials that typically
inhabit stable, permanently inundated habitats. Ondinea pur-
purea (¼ Nymphaea ondinea, Löhne et al., 2009) and
Barclaya rotundifolia (both in Nymphaeaceae) are known to

occupy habitats that experience seasonal dry-down. Both are
perennials that survive seasonal dry periods as persistent rhi-
zomes and tubers (Schneider and Carlquist, 1995; Williamson
and Moseley, 1989). In contrast, ten of 12 species of Trithuria
occupy ephemeral aquatic habitats. All ten are reported to be
annuals that survive the dry period as seeds (Hamann, 1998;
Gaikwad and Yadav, 2003; Sokoloff et al., 2008a). Annuals
are extremely rare among extant basal angiosperms and are
found only in Trithuria, and possibly in two species of
Nymphaeaceae, Euryale ferox (Kadono and Schneider, 1987)
and Victoria cruziana (C. Magdalena, Royal Botanic Gardens,
Kew, UK, pers. comm.).

Water lilies are large plants, with large floating leaves,
extensive rhizomes and flower sizes that range from 1–2 cm
in diameter in Cabombaceae (Williamson and Schneider,
1993) to 30–50 cm wide in Victoria (Schneider and
Williamson, 1993). In contrast, whole plants of Trithuria are
often less than 1 cm in diameter and bear tiny ‘flowers’
(Fig. 1A, B). These small reproductive structures have charac-
teristics of both flowers and inflorescences and they may rep-
resent a transitional, pre-floral stage in the evolution of the
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FI G. 1. Morphology and development of Trithuria submersa. (A) Habit of T. submersa at Kulunilup Swamp, Kulunilup Nature Reserve. T. submersa plants are
red (bright green leaves are immature Goodenia claytoniacea). (B) Reproductive units at various stages of emergence; completely submerged (stage 1; arrow), at
the water level creating a depression (stage 2; arrowhead) and fully emergent (stage 3; asterisk). Scale bar ¼ 5 mm. (C) One reproductive unit showing four bracts
surrounding carpels with elongating stigmatic hairs and a single central stamen comprising a partially elongated filament and non-dehiscent anther (developmen-
tal stage 2). Note that one stigmatic hair is typically longer than the others. Scale bar ¼ 500 mm. (D) One reproductive unit with two dehiscent anthers (devel-
opmental stage 4). Some stigmatic hairs have received pollen and cells have collapsed, causing stigmatic hairs to bend (arrowhead). Scale bar ¼ 500 mm. (E) A
single carpel from a stage 1 reproductive unit. Stigmatic hairs are short and cell length is much greater along the axis perpendicular to the stigmatic hair. Scale
bar ¼ 100 mm. (F) A composite image (two focal planes) showing a single carpel from a mature reproductive unit (stage 4) with two elongated and one short
stigmatic hair. Stigmatic cells have elongated and some have collapsed (arrowheads). Grey line indicates the border between images. Scale bar ¼ 100 mm.

Abbreviations: A, anther; B, bract; C, carpel; F, filament; H, stigmatic hair; M, carpel mouth; O, ovule.
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flower (Endress and Doyle, 2009; Rudall et al., 2009).
Hereafter, we refer to them as ‘reproductive units,’ occasion-
ally abbreviated as ‘RU’ (Rudall et al., 2007, 2009).

Given its phylogenetic position as sister to the rest of
water lilies, Trithuria may offer important clues to the evol-
ution of reproductive function among early angiosperms and
Nymphaeales sensu lato (s.l.) in particular. To date, studies
of Trithuria have concentrated on characterizing vegetative
morphology (Edgar, 1966; Gaikwad and Yadav, 2003),
pollen morphology (Bortenschlager et al., 1966; Remizowa
et al., 2008), and developmental aspects of the reproductive
unit (Rudall et al., 2007, 2009), shoot (Sokoloff et al.,
2009), female gametophyte (Friedman, 2008; Rudall et al.,
2008), seeds (Tuckett et al., 2010a, b) and seedlings (Cooke,
1983; Tillich et al., 2007; Sokoloff, et al., 2008b).

All Trithuria species are thought to be abiotically polli-
nated. Wind pollination has been hypothesized for Trithuria
konkanensis and other species with emergent reproductive
units, on the basis of floral morphology (Hamann, 1998;
Gaikwad and Yadav, 2003). Water pollination has also been
hypothesized as a possibility, particularly in the two perma-
nently submerged species (Rudall et al., 2007). Nothing is
known of breeding systems, apart from the fact that four
species are dioecious, and hence obligately outcrossing
(Yadav and Janarthanam, 1995; Sokoloff et al., 2008a).
There are no data on the relative timing and duration of
male and female function, a potentially important aspect of
the breeding system of the other species that are monoecious
or have bisexual reproductive units.

The objective of this study was to understand the reproduc-
tive ecology of Trithuria submersa, a species found in seaso-
nal, rain-fed wetlands of south-western Western Australia, as
well as parts of southern New South Wales, South Australia,
Victoria and Tasmania (Sokoloff et al., 2008a). T. submersa
was chosen because it is a widespread species with emergent,
bisexual reproductive units. Our aims were to: (1) determine
the primary pollen vector, (2) describe the relative timing
and duration of anther dehiscence and stigma receptivity
and (3) determine if self-pollination and self seed-set occur.
We also report the pollen/ovule ratio (P/O) of dioecious
Trithuria austinensis and pollen load size in Brasenia schre-
beri to enable a discussion of alternative life-history strategies
among wind-pollinated Nymphaeales.

METHODS

Reproductive biology of T. submersa

Fieldwork on Trithuria submersa Hook.f. was undertaken in
November/December 2008 at Kulunilup Swamp (Fig. 1A),
Kulunilup Nature Reserve, Western Australia (34819′S,
116846′E). A second field season was undertaken in November/
December 2009 at Kulunilup Swamp and nearby Frying Pan
Swamp (34816′S, 116842′E). Laboratory work was conducted at
the Department of Environment and Conservation Science
Division facility in Manjimup, Western Australia, and at the
University of Tennessee, Knoxville. Voucher specimens have
been deposited in the Universityof Tennessee herbarium (TENN).

South-western Western Australia experiences cool, wet
winters and hot, dry summers and exhibits a vast network of

wetlands that undergo a strong seasonal hydrological cycle
of winter flooding and summer drawdown (Hill et al., 1996).
‘Swamps’, or ‘sumplands’, are characterized by shallow stand-
ing water in late winter and spring, followed by complete
evaporation of water over the course of a few days to a few
weeks (Hill et al., 1996). These swamps can also be con-
sidered vernal pools (Holland and Jain, 1988; Rheinhardt
and Hollands, 2008). Seeds of T. submersa germinate in
swamps and plants mature while entirely submerged.
Reproductive units become gradually exposed as the water
level falls and flowering and fruit-set must be completed
before the swamp dries out. T. austinensis, Trithuria australis
and Trithuria bibracteata are also found in this region, with
T. australis and T. bibracteata sometimes growing alongside
T. submersa.

Reproductive development

Because of the small size of Trithuria plants, reproductive
development was characterized by relative stages rather than
by absolute time. A developmental sequence was reconstructed
from a mass collection of open-pollinated T. submersa repro-
ductive units (made without knowledge of developmental
stage). To understand the effect of environment on reproduc-
tive development, the mass collection comprised equal
numbers of haphazardly collected RUs in four distinct
ecological settings: (1) reproductive units entirely submerged,
(2) reproductive units newly emergent with between 50 and
75 % of the reproductive unit above water level, (3) reproduc-
tive units fully emergent but plants still partially submerged
and (4) plants completely emergent (hereafter termed long
emergent; see Fig. 1A, B).

Reproductive units were fixed in FAA (2 : 1 : 10 40 % for-
maldehyde, glacial acetic acid, 95 % ethanol) or 3 : 1 (95 %
ethanol : glacial acetic acid) for 24 h and then stored in 70 %
ethanol. Carpels were removed, stained with aniline blue for
4–8 h and viewed under UV light to visualize pollen grains
(methods as described by Taylor and Williams, 2009). Onset
and duration of pollen reception and stigma receptivity were
assessed by recording the number of germinated pollen
grains on each stigmatic hair at each developmental/ecological
stage and the proportion of carpels exhibiting pollen germina-
tion and pollen loads were compared. As ungerminated pollen
grains can wash off stigmatic hairs during fixation, only
germinated grains were compared. If data were non-normally
distributed, a non-parametric Wilcoxon rank sums test was
performed. If variances were not equal, an unequal variance
t-test was used (Ruxton, 2006). Analyses were performed via
JMP v.7.0.2 statistical software (SAS Institute, Cary, NC,
USA). When comparing three or more means after a signifi-
cant one-way ANOVA, a Games–Howell post-hoc test was
performed with SPSS 16.0 (SPSS Inc., Chicago, IL, USA).
Individual plants were the experimental unit. All measures
of variation in the text are standard deviations.

A second experiment used hand-pollinations of stage two
and three reproductive units to determine if stigmas were
receptive before anther dehiscence. Foreign pollen was
excluded from haphazardly selected, fully submerged plants
by covering them with clear plastic cups staked into the
ground with wire. All reproductive units except the focal
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unit were first removed to prevent geitonogamous pollination
within the ‘cage’. After the reproductive unit emerged within
the cage, but before anthers dehisced, carpels were pollinated
by gently brushing a dehiscent anther across stigmatic hairs.
The pollen donor plant was 1–5 m distant from the caged
plant and there was no evidence for rhizome connections
between plants. Hand-pollinated reproductive units were col-
lected within 6 h after pollination and fixed in 3 : 1. Carpels
were scored for number of germinated pollen grains.

Pollination syndrome

To determine if entomophily occurred, insect behaviour in
the population was assessed by direct observation (approx.
75 h). Twenty plants were marked with coloured thread and
their reproductive units were observed periodically from emer-
gence until anther opening and then continually until anthers
were judged to be empty. The number of events in which
insects contacted reproductive units and the activity of the
insect (resting or foraging) was recorded.

To test for anemophily, 11 glass slides were thinly coated
with petroleum jelly and placed at 1-m intervals in a transect
through the Kulunilup Swamp population to trap wind-borne
pollen. As anther dehiscence was common in late morning
and early afternoon, slides were set at 1000 h and collected
after 6 h to prevent exposure to afternoon rain. Pollen grains
were counted and typed (no other Trithuria species in the
population were reproductive at the time).

To determine the potential for hydrophily, 20 plants with
developing reproductive units were kept submerged in the lab-
oratory for 15 d. Anthers were monitored periodically, and
RUs were collected well after bracts reflexed and were
scored for pollen reception and anther opening.

Breeding system

A caging experiment tested for autonomous self-pollination
and self-fertilization. Thirty plants with a single reproductive
unit at Kulunilup Swamp were covered with cups as above
to prevent cross-pollination and geitonogamy (cups also
excluded wind as a pollen vector). Twelve plants were col-
lected 3–5 d after emergence, fixed in 3 : 1 and the germinated
pollen load was determined. The remaining 18 plants were col-
lected 3 weeks later, after seeds were mature. Seed-set was cal-
culated as the number of developed seeds divided by the total
number of ovules and seeds (ovules could be easily seen
through the carpel wall with a stereomicroscope). A developed
seed was conspicuously larger than a mature ovule in an
unpollinated reproductive unit and had a hard seed coat.

An emasculation experiment was designed to determine
pollen load sizes with and without self-pollination. Immature
anthers were removed from 23 reproductive units, which
were then allowed to receive pollen naturally, including geito-
nogamous pollen. The 23 emasculated reproductive units and
23 untreated reproductive units were collected 15 d after emas-
culation or anther abscission to ensure maximum pollen recep-
tion. Carpels were fixed and stained with aniline blue and
pollen was counted.

For analysis of pollen production, anthers of T. submersa
were each macerated in 200 ml of 1 % polyethylene glycol

(PEG) in 95 % ethanol and gently vortexed for 30 s. One
tenth (20 ml) of the pollen mixture was placed on a glass
slide and the entire cover slip was scanned. The number of
observed pollen grains was multiplied by 10 to estimate the
total number of grains per anther and this was multiplied by
the number of anthers in the reproductive unit to estimate
the total number per unit. The number of pollen grains per
reproductive unit was divided by the number of carpels in
the unit (one ovule per carpel) to obtain the P/O ratio.

For comparison, pollen production and P/O ratio in
dioecious T. austinensis D. D. Sokoloff, Remizowa,
T. D. Macfarl. & Rudall were calculated using 11 male
and 11 female mature reproductive units collected at
Branchinella Lake, shire of Manjimup, Western Australia
(34821′S, 116843′E). One anther from each male reproductive
unit was macerated in PEG and pollen production per
anther and reproductive unit was determined as above. As
T. austinensis is dioecious, average pollen production per
male reproductive unit was divided by the average number
of carpels (one ovule per carpel) in female reproductive
units to obtain the P/O ratio. Also for comparison, stigmatic
pollen loads were determined for open-pollinated flowers of
B. schreberi J.F. Gmel (n ¼ 16 plants; methods and location
given by Taylor and Williams, 2009).

RESULTS

Reproductive development

Individual plants produced from one to 18 reproductive units
(mean ¼ 4.8+ 3.7 in Kulunilup Swamp, 5.4+ 4.4 in Frying
Pan Swamp) over the course of the season. Reproductive
units were borne singly on peduncles of different heights
and emerged at different times (Fig. 1B). Most reproductive
units possessed a single stamen (Fig. 1C), but 3 % from
Kulunilup Swamp and 24 % from Frying Pan Swamp had
two (Fig. 1D; n ¼ 180 and 67, respectively). Reproductive
units contained an average of 19.3+ 6.4 carpels (n ¼ 280,
range 3–37) each with a single ovule and three uniseriate
stigmatic hairs.

Buds enlarged under water and mature bracts partially
reflexed (Fig. 1B–D), whether or not the reproductive unit
had emerged. Once they reflexed, the bracts did not close
again. The stamens and carpels continued to develop
whether or not they were under water, but anther dehiscence
did not occur until the reproductive unit had emerged.

Within open reproductive units, five distinct developmental
stages could be characterized with respect to stamen develop-
ment (Table 1). In stage 1, anthers and carpels were positioned
at similar heights. Ovaries and their ovules had already
attained their mature size (cf. Fig. 1E, F). Each of the three
uniseriate stigmatic hairs was fully formed, but the cells had
not expanded (mean height to width ratio of fifth cell ¼
0.31, n ¼ 10; Fig. 1E).

In stage 2, anther filaments had elongated but had not
reached their full length, and the anthers protruded above
carpels, but not the stigmatic hairs (Fig. 1C). The stigmatic
hairs had partially elongated via cell expansion, with one
hair typically longer than the others. Cells near the base of
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the stigmatic hair elongated first, whereas cells at the tip rarely
expanded (Fig. 1C, F).

In stage 3, the anthers were positioned above most or all of
the stigmatic hairs. The longest stigmatic hairs had more than
doubled in length to their mature size (mean height to width
ratio ¼ 0.76, n ¼ 15; Fig. 1F). The second stigmatic hair
often remained slightly shorter than the first whereas the
third stigmatic hair did not elongate in any of the carpels
observed (Fig. 1F).

Stage 4 was characterized by anther dehiscence (Fig. 1D).
Anthers opened along two longitudinal lines of dehiscence
that extended the length of the anther (Fig. 2A, B).
Dehiscence was observed at all times of day, and anthers gen-
erally emptied within a few minutes after opening. At this
stage stigmatic hairs often exhibited one or more collapsed
cells, causing the stigmatic hair to bend or curl. Cells in the
top half of the hair were more prone to collapse than those
near the base (Fig. 1D, F). Occasionally, filaments were also
observed to bend, lowering the dehiscent anther toward the
stigmatic hairs (Fig. 1D). After dehiscence, anthers abscised,
leaving the filament – this indicated the onset of stage 5
(Table 1).

In contrast to other water lilies, in which the entire perianth
closes after anthesis, bracts of T. submersa remained reflexed
throughout fruit development. Fruits appeared mature and
were falling out of reproductive units within 17 d of dehis-
cence. Seeds from reproductive units that were naturally polli-
nated on 10–16 November 2008 were collected on 3
December, stored dry at room temperature (approx. 21 8C)
and planted in saturated soil (18 8C), on 15 March 2009.
These germinated while submerged and began flowering on
6 October 2009. Seeds collected on 1 December 2009 were
stored as above and planted in chilled (10 8C), saturated soil
on 1 July 2010. These first germinated 30 d later.

Pollination syndrome

Two indications that T. submersa might experience pollina-
tion by water were (1) buds opened, stigmatic hairs and stamen
filaments elongated, and pollen matured under water, and (2)
aerenchyma was present in the connective tissue of the
anther (Fig. 2A). However, anthers were never dehiscent in
either naturally or experimentally submerged reproductive
units. Furthermore, submerged reproductive units (ecological
stage 1) never received pollen (Fig. 3A, B), despite having
fully elongated stigmatic hairs. Even among newly emergent
reproductive units (ecological stage 2) only a single stigmatic
hair received pollen (Fig. 3B). Only emergent reproductive
units received pollen (Fig. 3).

Nine insect visits to Trithuria plants were recorded over the
course of two years of field observations. In all nine cases
insects only rested on bracts. No foraging behaviour within
reproductive units was ever observed, although two of 264
anthers in the fixed material appeared to have been partially
eaten.

Sixty-four of 427 pollen grains on glass slides were from
T. submersa. Anthers were also observed shedding pollen in
the wind. Pollen was not sticky and exhibited a smooth
exine (Fig. 2D). On stigmas, pollen grains measured 18.5
+1.7 mm by 15.8 +1.8 mm. A dehiscent anther(s) is held
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above the reproductive unit, which is in turn held above the
vegetative body by a long slender peduncle (0.5–3.0 cm
long and 0.4 mm wide; Figs 1A, B and 2B). Anther mor-
phology of T. submersa was nearly identical to that of wind-
pollinated water lily, B. schreberi (Cabombaceae; Fig. 2B,
C), including the presence of robust endothecial bands
(Fig. 2A; see also Taylor and Osborn, 2006).

Breeding system

In the mass collection experiment, only one emergent repro-
ductive unit received pollen during developmental stages 1 and
2 and no pollen germination was observed (Fig. 4A, B). In
stage 3, 25 % of the reproductive units and 6 % of carpels
per reproductive unit exhibited stigmas with germinated
pollen (Fig. 4A). However, the average germinated pollen
load in stage 3 was small (0.08 grains per carpel; Fig. 4B).

Within reproductive units that received pollen, 23 % of
carpels received pollen and the average pollen load per carpel
was 1.2+0.5. The maximum pollen load was 3. In the hand-
pollination experiment, nine of 21 reproductive units, all in
stage 3, had growing pollen tubes. As anthers were indehiscent
when stigmatic hairs became receptive in stage 3, the onset of
female function occurs before the onset of male function in
the bisexual reproductive unit in T. submersa.

Reproductive units with dehiscent anthers (stages 4 and 5)
received much more pollen than those prior to dehiscence
(stages 1–3). In 2008, almost all post-dehiscent reproductive
units had received pollen; the percentage of pollinated
carpels per RU was significantly higher than that of pre-
dehiscent RUs (Fig. 4A), and pollen loads were also higher
(Fig. 4B). In 2009, 6 % of reproductive units received pollen
prior to anther dehiscence, whereas 91 % received pollen
after dehiscence (Fig. 5A), and both the percentage of

FI G. 2. Pollination and pollen reception in Trithuria submersa. (A) Cross-section of a dehiscent anther showing numerous endothecial bands (arrow), aere-
nychma ground tissue and the two stomia just beginning to open (one indicated by an arrowhead). Scale bar ¼ 50 mm. (B) Mature reproductive units of
T. submersa with fully elongated filaments supporting dehiscing anthers (developmental stage 4). The stigmatic hairs are visible above and between the reflexed
bracts (arrowhead). Scale bar ¼ 5 mm. (C) Staminate flower of wind-pollinated Brasenia schreberi with dehiscing anthers supported by long, slender filaments.
Compare to B. Scale bar ¼ 5 mm. (D) Receptive stigmatic hair (from a developmental stage 3 reproductive unit) with germinating pollen grains (two in plane of
focus). Scale bar ¼ 25 mm. (E) Carpel in which cross-pollination was prohibited, with self-pollen tubes successfully reaching the carpel mouth. Scale bar ¼

150 mm. Abbreviations: A, anther; F, filament; L, aerenchyma; M, carpel mouth; H, stigmatic hair; P, peduncle; PG, pollen grain; PT, pollen tube.
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carpels pollinated and pollen loads were significantly higher
(Fig. 5A, B).

In the caging experiment, outcross or geitonogamous self-
pollination by wind was prevented so that only autonomous
self-pollination by gravity could occur. In caged plants, 100
% of reproductive units and a mean of 87 % of carpels per
RU received germinable pollen, a significantly higher percen-
tage than that of open-pollinated plants (Fig. 6A). The average
stigmatic pollen load was 5.8+ 1.8 on caged plants versus
2.3+ 2.7 on stage 5 open-pollinated plants. Mean seed-set
of the 18 caged plants was not significantly different from
the open-pollinated control (Fig. 6B).

The emasculation experiment showed that reproductive
units received outcross or geitonogamous pollen. These
plants received significantly fewer pollen grains (14 % versus
64 % of carpels per RU; Fig. 7A) and had smaller pollen
loads than the open-pollinated control (0.38+ 0.9 versus
2.5+ 1.7 pollen grains per carpel; Fig. 7B). For comparison,
the mean pollen load per carpel of B. schreberi, which receives
only outcross or geitonogamous pollen from a separate inflor-
escence, was 3.0+ 3.1.

Mature anthers in T. submersa contained 426.0+ 149.4
pollen grains and the average P/O ratio was 23.9 (n ¼ 27).
Reproductive units of T. austinensis had similar numbers of
ovules as T. submersa (17.1 vs. 19.3), but more anthers (7.9
vs. 1.1) and much greater pollen production of 3526 grains
per anther and 27 650 grains per RU. Its P/O ratio was
1569.1 (n ¼ 11). Anthers in T. austinensis measured
1.96 mm long × 0.52 mm wide × 0.29 deep, compared with
0.71 × 0.32 × 0.22 mm in T. submersa (n ¼ 5 each).

DISCUSSION

Trithuria species are similar to other Nymphaeales in that they
begin development while totally submerged. However, unlike
most water lilies that occur in more or less permanent aquatic
environments, nearly all Trithuria species are found in ephemeral

wetlands. Vernal pool plants are typically small and exhibit fast
vegetative and reproductive development (Zedler, 1990). Plants
of T. submersa are quite small (,1 cm in diameter) and their
reproductive function, triggered by water drawdown, was short
and locally unpredictable. The period between fertilization and
seed dispersal was also short, only 17 d in 2008. Small plant
size and the brief window for reproduction underlie many
aspects of the reproductive biology of T. submersa. Below we
discuss the reproductive development of T. submersa in light of
its probable aquatic, perennial ancestry and the evolution of its
ephemeral wetland ecology.

Pollination syndrome

Hydrophily in T. submersa was a distinct possibility because
reproductive units often opened under water, and both stamens
and carpels reached mature sizes while submerged. At least
two other Trithuria species may carry out their entire life
history under water (Edgar, 1966; Pledge, 1974; Rudall
et al., 2007). However, two observations indicate that desicca-
tion was necessary for anther dehiscence. First, only emergent
anthers dehisced, whether in collected material or in plants that
were kept artificially submerged for up to 15 d. Second,
anthers possessed endothecial bands, which are known to
facilitate anther opening upon desiccation and are not
present in submerged anthers of water-pollinated plants
(D’Arcy, 1996; Endress, 1996). Our data also show that emer-
gence was necessary for pollen reception. Stigmatic hairs from
mass-collected submerged reproductive units received no
pollen and artificially submerged plants set no seed.

Emerging reproductive units created an indentation in the
water surface that might serve to draw floating pollen or
abscised anthers toward the stigmatic hairs (Fig. 1B). Many
aquatic taxa, including several seagrasses (Cymodoceaceae,
Hydrocharitaceae, Zosteraceae), achieve pollination via floating
pollen or anthers that physically contact receptive stigmas (Cox,
1988; Cox and Humphries, 1993). Among basal angiosperms,
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both Ceratophyllum (Ceratophyllaceae) and Lepilaena cylindro-
carpa (Potamogetonaceae) have anthers that abscise under
water and float to the surface to release pollen (Cox, 1988).
Anthers of T. submersa also abscise and the large lacunae in
the connective tissue suggest anthers could float on the water
surface. However, in T. submersa pollen was dry, anthers
emptied before they abscised and partially emergent reproduc-
tive units received very little pollen. We conclude that
T. submersa is not water-pollinated.

We also ruled out insect pollination. Extensive observation
over the course of two field seasons in several populations
indicated that insects did not interact with Trithuria reproduc-
tive units, and there was very little evidence of pollen scaven-
ging. Pollinivory is quite common in many basal angiosperms
(Thien et al., 2009), but in T. submersa the reward would be

quite small, given how little pollen was present in an anther.
Under insect pollination, large pollen loads might be expected
within at least some RUs, but on emasculated RUs, no stigma
received more than three pollen grains and most received no
pollen at all.

Experimental, observational and anatomical evidence
indicates that T. submersa at least occasionally exhibits wind-
pollination. Pollen traps captured wind-borne pollen and
small numbers of viable pollen were received on stigmas of
emasculated and female phase reproductive units. Pollen in
T. submersa is not sticky, lacks ornamentation and is at the
small end of the size range of wind-dispersed pollen (Friedman
and Barrett, 2009). Reproductive units lack a perianth or showy
bracts, dehiscent anthers are elevated on elongated filaments,
and receptive stigmatic hairs often extended beyond the bracts.
Organ placement that reduces interference is common in wind-
pollinated plants (Whitehead, 1969; Friedman and Barrett, 2009).

Pollination and the breeding system

T. submersa can be characterized as self-pollinated, self-
compatible and primarily autogamous. Stigmas are receptive
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before and during anther dehiscence. Thus, stigmas can
receive outcross or geitonogamous (self ) pollen prior to auton-
omous self-pollination by the overarching anther. Outcross
pollination was exceptionally rare – when reproductive units
were emasculated more than 86 % of carpels received no
pollen at all. Yet in unemasculated plants that could outcross
and self, over 60 % of carpels received pollen. Pollen reception
was even greater on caged plants in which only autonomous
self-pollination could occur. These results indicate auton-
omous self-pollination compensates for the lack of outcross
pollen reaching stigmas of T. submersa.

Open-pollinated plants had 71 % seed-set, a result inconsist-
ent with the extremely low levels of cross-pollination, unless
self-pollination is ubiquitous and plants are self-compatible.
Self-compatibility was confirmed by the 83 % seed-set of self-
pollinated plants in the caging experiment. Germination of
open-pollinated seeds in the greenhouse indicates seeds have
high viability, as also found by Tuckett et al. (2010b) for the
same species. Our data show that such seeds were probably
self-fertilized, and therefore have low levels of inbreeding
depression. Another indication of long-term inbreeding is the
low P/O ratio of 24. Such a low P/O ratio is consistent with
obligate autogamy (Cruden, 1977).

It could be argued that the exceptionally low P/O ratio of
T. submersa evolved in large part because extreme reduction
in plant size caused reduced pollen production, leading to the
subsequent evolution of autogamy. Its reproductive units are
only 2 mm wide and have a mean of 1.1 anthers with 426
pollen grains per anther. However, T. austinensis, a close rela-
tive that is of similarly small size, produces about eight times
more anthers and eight times more pollen per anther, even
though it has slightly larger pollen than T. submersa. Thus,
the extremely low pollen production of T. submersa, the proxi-
mate cause of its low P/O ratio, cannot be due to small plant size
alone. To underline the point, the P/O ratio of 1569 of
T. austinensis is within the low end of the range of those of
other dioecious and wind-pollinated species (Cruden, 2000;
Michalski and Durka, 2010). Thus, we interpret the low P/O
ratio of T. submersa as being causally linked to the evolution
of an obligately autogamous breeding system.

Given our conclusions, traits typically associated with cross-
pollination, such as the onset of stigma receptivity prior to
anther dehiscence, pollination by wind and a somewhat
sequential maturation of RUs, now seem to have little function.
Perhaps one of the best-supported conclusions of recent com-
parative studies of basal angiosperms is that bisexual flowers
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were ancestrally protogynous (Endress, 2010). As such, the
prior onset of stigma receptivity in T. submersa is probably
an historical effect and, if so, would indicate a similar
level of developmental integration within a bisexual RU
(Trithuria) as within a bisexual flower (other basal angios-
perms). Its retention in present-day T. submersa may be less
related to facilitating cross-pollination than to its function in
ensuring self-pollination. Early onset of a long period of stig-
matic receptivity is currently maintained because of the uncer-
tainty in timing of anther dehiscence and the predominant
mode of pollen reception – autonomous self-pollination.

Reproductive strategies of wind-pollinated Nymphaeales

Many of the structural features associated with wind pollina-
tion in T. submersa (pollen, anthers and reproductive units) are
also present in other Trithuria species. It may be that all but
the two perennial species with submerged reproductive units
have some degree of wind-pollination, as hypothesized by
Hamann (1998). Within the sister lineage to Hydatellaceae,
Nymphaeales s.s., insect pollination is generally thought to be
plesiomorphic (e.g. Friis et al., 2001; Borsch et al., 2008) and
the only documentation of wind-pollination in the group is in
B. schreberi (Osborn and Schneider, 1988). Here we compare
ecological and historical aspects of the evolution of anemophily
in Trithuria and Brasenia, as well as the subsequent shift from a
primarily wind-pollinated to a primarily autonomously self-
pollinated reproductive system in present-day T. submersa.

There are strong indications that the common ancestor of
Nymphaeales s.l. was an aquatic perennial, that was homoe-
cious (monoecious or with bisexual reproductive units) with
female organs maturing before male organs (Friis et al.,
2001; Crepet et al., 2004; Wang and Dilcher, 2006; Mohr
et al., 2008; Taylor et al., 2008; Endress and Doyle, 2009;
Endress, 2010). The major ecological difference between
Nymphaeales s.s. (Cabombaceae + Nymphaeaceae) and
Hydatellaceae involves their aquatic environment – the
former are large perennials that typically occupy permanently
inundated habitats (Williamson and Schneider, 1993), whereas
the latter are extremely small and most are annuals that live
in a seasonal aquatic environment (only two species of
Trithuria occur in permanently inundated habitat and both
retain the ancestral perennial habit) (Edgar, 1966; Pledge,
1974; Sokoloff et al., 2008a).

Wind pollination is favoured in dry, open environments
(Whitehead, 1969; Culley et al., 2002; Friedman and Barrett,
2009), yet wind can also be a reliable pollen vector in
the large, open habitats of many aquatic plants that flower
above water. Long-term persistence in predictable environments
with seasonal cues can also enable a high degree of
synchronization of flowering within a population to evolve
(Whitehead, 1969). Synchrony of flowering is much stronger
in B. schreberi (closely coincident onset timing and of much
shorter duration) than in other insect-pollinated Nymphaeales
(Osborn and Schneider, 1988; Taylor and Williams, 2009). It
also occurs in the context of the strict dichogamy typical of
Nymphaeales – female phase occurs on the first day of anthesis
and male phase begins on the second day, a pattern present in
most basal angiosperms (Endress, 2010). Floral buds also
open sequentially on B. schreberi shoots, minimizing the

potential for geitonogamy. We found that outcross pollen trans-
fer by wind was successful in B. schreberi and we have
observed high seed set in several populations, both in the south-
eastern USA and in Australia (M. L. Taylor and J. H. Williams,
2009, pers. observ.). The species has a cosmopolitan distri-
bution (Williamson and Schneider, 1993).

The evolution of wind pollination in Trithuria has a
quite different history. Extreme reduction in plant size
occurred before the radiation of extant species. Subsequently,
the annual species have shifted from their ancestral perennial
habit in permanent wetlands to seasonal wetlands. T. austinensis
reflects one outcome of such a shift. It typically grows in
shallow wetlands in a very dense carpet, forming large popu-
lations that are fairly constant in size from year to year. Gradual
water drawdown causes many neighbouring plants along the
receding wetland margins to emerge and to flower simultaneously
in an open environment. Pollen production and P/O ratios were
relatively high, consistent with wind-pollination and outcrossing.
Large population size, dioecy and predictable environmental cues
all favour the origin and maintenance of outcrossing by wind-
pollination (Friedman and Barrett, 2008, 2009).

An alternative, and perhaps more derived strategy is rep-
resented by T. submersa, which has bisexual reproductive
units, but in which dichogamy has been lost. In T. submersa
cross-pollination via wind can occur but was rare in both
study years. T. submersa is found in disturbed, early-
successional wetland habitats, such as in roadside ditches or
in shallow depressions in recently burned areas. Relative to
T. austinensis, its populations are small and ephemeral, and
individuals are not as densely distributed. Furthermore, the
topography and surrounding vegetation in their small patchy
habitats forms a more closed environment for these small
plants, greatly reducing exposure to wind. Although plants
matured fairly synchronously in both years, their reproductive
units did not. Small differences in plant height or relative
ground level often caused neighbouring reproductive units to
emerge, and anthers to dehisce, hours or even days apart.
Thus, low population density, non-synchrony of pollen disper-
sal and the often closed habitat are all causes of ineffective
outcross pollen transfer by wind. The shift to an effective
system of autonomous self-pollination and primarily autoga-
mous reproduction has exacerbated the effect by allowing
lower pollen production.

Self-fertilization has long been associated with the ability to
colonize and succeed in pioneer habitats (Stebbins, 1970) and
one indicator of success is that T. submersa is one of the most
widespread Trithuria species. Pioneer habitats are not typically
colonized by obligately outcrossing T. austinensis. On the other
hand, T. bibracteata is considered to be a pioneer species, and
although its breeding system is unknown, it has bisexual repro-
ductive units like T. submersa. Understanding the significance
of the great reproductive diversity in Trithuria in the context of
early angiosperm evolution will certainly require a greater
appreciation of the intimate connection between their reproduc-
tive biology and their natural ecological settings.

Conclusions

Nymphaeales is thought to be ancestrally aquatic, perennial
and probably insect-pollinated. In contrast, most species of
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Trithuria are annuals and inhabit seasonal wetlands. Among
these, T. submersa has evolved to colonize disturbed,
early-successional habitats. Protogyny and prolonged stigma
receptivity may have initially promoted outcrossing with
reproductive assurance via delayed selfing. The overlapping
male and female phases now seem to function primarily to
ensure autonomous self-pollination and high seed set in an
unpredictable and heterogeneous pollination environment.
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