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INTRODUCTION

Approximately 20% of all flowering plants depend
on air or water to transport their pollen (Ackerman
2000). Plants displaying abiotic pollination typically
produce copious amounts of pollen (Ackerman 2000,
2006, Cruden 2000). However, a high pollen produc-
tion does not necessarily imply that pollen loads are
sufficient to fertilize all available ovules. Pollen limita-
tion, that is, limitation of female reproductive success
due to inadequate pollen receipt, is not uncommon in
animal-pollinated plants (Burd 1994, Ashman et al.
2004, Harder & Aizen 2010), but such information on
plants pollinated abiotically is sparse. Various studies
suggest that wind-pollinated trees in fragmented habi-
tats or widely spaced populations may suffer from
pollen limitation (Allison 1990, Fox 1992, Knapp et al.
2001, Sork et al. 2002, Koenig & Ashley 2003). Low
density also affects seed-set in wind-pollinated herbs
(Davis et al. 2004a,b, Steven & Waller 2007), but Fried-

man & Barrett (2009) mention that pollen limitation
may be less common among terrestrial anemophilous
herbaceous plants than in animal-pollinated species.

Seagrasses are an ecological group of marine flower-
ing plants with pollen transport at or below the water
surface (hydrophily). In a pattern similar to that of the
abiotic wind-pollinated plants (Okubo & Levin 1989,
Davis et al. 2004a, Friedman & Barrett 2009), sea-
grasses show leptokurtic pollen dispersal curves,
mediated by current direction, turbulence and buoy-
ancy of the pollen combined with characteristics of the
plant and vegetation such as canopy height, canopy
density, plant height and floral position within the
canopy (see Ackerman 2006 for summary). Absolute
distances covered by hydrophilous pollen are much
shorter than those for pollen dispersed by wind (102 to
103 m, Okubo & Levin 1989, but see Koenig & Ashley
2003), and they are usually in the order of metres
(Cox & Tomlinson 1988, Ruckelshaus 1996, Verduin &
Backhaus 2000, Ackerman 2002, Smith & Walker 2002,
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Sanabria-Alcaraz 2009). Hydrophilous seagrasses with
subaquatic pollination have pollen:ovule ratios of 104

to 105:1 (Ackerman 2006); >90% of the species have
unisexual flowers (Les et al. 1997), and ~75% of the
species are dioecious (Cox 1988). Such plants rely on
the transport of pollen between flowers for sexual
reproduction, and, in the case of dioecy, the relative
distribution of male and female plants in a population
may limit reproductive success. For example, male
rarity has been reported for Phyllospadix spp., which
grow on rocky shores (Williams 1995, Shelton 2008).
Shelton (2008) reported that populations with
increased male rarity in 2 Phyllospadix species had
lower rates of seed-set. Phyllospadix spp. may be con-
sidered an extreme case among the seagrasses, but
some seagrasses that show less-skewed sex ratios have
also shown indications of pollen limitation. Reusch
(2003) found reduced seed-set after experimental
reduction in flowering shoots of the monoecious
Zostera marina, this being the only recorded experi-
mental evidence of pollen limitation in a hydrophilous
plant. Vermaat et al. (2004) reported decreased fruit
development in fragmented habitats of the dioecious
surface-pollinated Enhalus acoroides.

Inadequate pollination results in reduced production
of fruits and seeds, which affects plant abundance and
population viability and may thus cause selection on
plant mating systems and floral traits (Ashman et al.
2004, Knight et al. 2005). In theory, any plant should be
in a pollen resource equilibrium, and if the availability
of pollen would limit reproductive success, it is ex-
pected to have evolved mechanisms of reproductive
assurance, reducing the potential for pollen limitation
in the future (Ashman et al. 2004, Knight et al. 2005).
But ecological disturbances, such as habitat fragmen-
tation, decreased floral density, herbivore pressure,
diseases and invasion of nonnative species (Knight et
al. 2005, their Table 1) may reduce the probability of
fecundation, thus generating lower recruitment rates
and potentially affecting population persistence and
expansion rates. For the highly clonal seagrasses,
effects of reduced reproductive output are expected to
be less obvious at a demographic level, but genetic
consequences over larger ecological time spans or
evolutionary processes may be considerable (Waycott
et al. 2006).

In the present study, we examined whether the dioe-
cious tropical seagrass Thalassia testudinum might
suffer from reduced reproductive output due to insuffi-
cient pollen receipt under suboptimal conditions. We
selected a population with abundant flowers and male
dominance and we hypothesized that this specific pop-
ulation was in a state of pollen resource equilibrium
under natural conditions. To evaluate whether pollen
limitation could occur, we experimentally manipulated

densities of male flowers and forced pollination of
female flowers in situ and determined the conse-
quences on reproductive success.

MATERIALS AND METHODS

We studied in situ the effect of experimental pollen
reduction (elimination of male flowers) or addition
(artificial pollination) on the fruit and seed-set of
Thalassia testudinum at Puerto Morelos reef lagoon
(20° 51’ 854’’ N, 86° 51’ 492’’ W) at ~100 to 200 m from a
fringing reef and at ~3.5 m depth. The site is relatively
exposed to wave action and maximal current velocities
at the height of the seagrass canopy vary between
5 and 25 cm s–1 on relatively calm days during the flow-
ering season (Sanabria-Alcaraz 2009). Further infor-
mation on the study site can be found in Rodríguez-
Martínez et al. (2010). The seagrass bed is dominated
by T. testudinum (with, on average, 700 ± 170 [SD]
shoots m–2 in 2008 and 689 ± 154 shoots m–2 in 2009)
and were accompanied by the seagrass Syringodium
filiforme and sparse rhizophytic algae (Rodríguez-
Martínez et al. 2010). Here, flowers of T. testudinum
are relatively abundant (between 20 and 33% of the
shoots produced flowers each year) and the male and
female clones grow intermixed (Van Tussenbroek
1994, B. I. van Tussenbroek unpubl. data). Floral buds
are situated in the axils of the leaves below the sedi-
ment until anthesis, and flowers emerge above the
sediment for only a short time (~6 h for the male flow-
ers, Van Tussenbroek et al. 2008). The male flowers
occur in groups of 2 or 3 that dehisce sequentially, and
female flowers are usually solitary. Pollen grains are
released in strands or masses of neutrally to slightly
negatively buoyant mucilage (Cox & Tomlinson 1988,
Van Tussenbroek et al. 2009). Pollen does not travel far
in this area, with only ~3 to 8% of the pollen dispersing
≥3 m from the source, although a few grains may be
transported over distances of ≥8 m depending on the
hydrodynamic conditions (Sanabria-Alcaraz 2009).

In April of 2008 and 2009, the number of fresh flow-
ers or flower buds at pre-anthesis (stretched bud phase
reported in Van Tussenbroek et al. 2008) was deter-
mined in 10 haphazardly placed quadrats of 2 × 2 m in
an area of ~50 × 150 m parallel to the reef. In both
years, 30 mature male buds were collected randomly
in the area to determine the number of anthers and to
measure with a dial caliper (precision, 0.1 mm) the
lengths of the anther-bearing parts. Pollen counts were
performed on 3 mature fresh buds of average size
collected in 2008, and 24 buds collected in 2009. The
anthers were placed in a 15 ml 0.01% solution of Non-
idet P40 substitute detergent in filtered seawater and
agitated at regular intervals to separate the pollen
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grains from the mucilage. After 1 to 2 d, pollen grains
in 10 subsamples were counted with the aid of a
haemacytometer (volume, 0.9 µl). The number of
ovules was determined on 30 and 50 randomly col-
lected fruits at the end of the experimental period of
2008 and 2009, respectively.

In April 2008, a circular area with a radius of 6 m was
defined by a cord fixed to a haphazardly selected
central point. Within this area, all shoots bearing male
flowers and buds were located by removal of the
sediment, and alternate shoots were marked with a
distinctly coloured tag followed by removal of all flow-
ers and buds on shoots marked with the same colour;
hence, ~50% of male flowers were removed. Within
the 6 m circular area a 4 × 4 m experimental plot was
defined. This created a buffer zone of almost 4 m
around the central experimental plot, which minimized
the potential for fertilization from pollen outside the
plot. In the central experimental plot, the female buds
were located and marked with a small bar with an
attached tag. This procedure was repeated, resulting
in 2 replicas of the removal (R) treatment. We returned
on 2 subsequent occasions within 2 wk after the
removal of male flowers to tag newly emerged female
flowers in the 2 central experimental plots with 59 and
43 female flowers, respectively. The 2 control plots
(CR: control, no removal) received no treatment at all
and consisted of, respectively, 46 and 51 marked
female buds in plots of the same dimensions. The setup
took approximately 2 wk and was finished by the end
of April. Meteorological and hydrodynamic conditions
were calm during this period, with wind velocities of
≤1 m s–1 and surface currents of 1.5 to 4.0 cm s–1 (data
from Servicio Académico de Hidrología y Meteo-
rología, Unidad Académica Sistemas Arrecifales/
Puerto Morelos [SAHM, UASA/PM], Instituto de
Ciencias del Mar y Limnología [ICML], Universidad
Nacional Autónoma de México [UNAM]). After 1 mo,
at the end of May, developed fruits and aborted ovaries
were counted. Developed fruits were firm and green,
whereas aborted ovaries were brown without any visi-
ble development and showed signs of disintegration.
Fresh green fruits with bite marks were considered as
developed fruits. On occasions, tags were lost, which
reduced the number of samples. The fruits were left to
mature and harvested in late July, but many were con-
sumed by herbivorous fish. In the laboratory the fruits
were opened and the numbers of viable large seeds
with plumule (Thalassia testudinum is pseudovivipa-
rous, Van Tussenbroek et al. 2006) and aborted ovules,
which had remained small, were determined per fruit.

In 2009, pollen was added to female flowers in
2 newly established plots of ~3 × 12 m in the same
study site as in 2008 (Treatment P: pollen addition).
Early in the morning in mid-April, 40 female flower

buds that had stretched and were expected to open in
the course of the day were marked in the first plot. In
the evening of the same day, 5 to 7 male flowers in
anthesis were harvested and we gently rubbed the
stigmas of the previously marked and recently opened
female flowers with the male flowers. The same set of
male flowers was used for ~10 female flowers; previous
trials in the laboratory showed that this procedure
resulted in ample pollen supply to the stigmas. The
stigmas were receptive immediately after opening of
the female flowers (Van Tussenbroek et al. 2009), and
they were pollinated in the evening because the male
flowers dehisce at dusk (Van Tussenbroek et al. 2008)
and pollen grains were short-lived (only 50 to 60% of
the pollen grains were viable after 13 h, Van Tussen-
broek et al. 2009). The following day, 40 additional
recently opened female flowers were marked as con-
trols (CP: control, no pollen addition) in the same plot.
Two weeks later, at the beginning of May, this proce-
dure was repeated for a second experimental plot.
Meteorological conditions were also calm during the
latter days with wind velocities of ≤1 m s–1 (data from
SAHM, UASA/PM, ICML, UNAM). Monitoring of
fruits and seeds followed the procedures of 2008. The
fruits were protected from herbivores by covering
them with a small plastic mesh; however, during 2009,
the fruit matured earlier than in previous years (possi-
bly because water temperatures were higher than
usual) and many had dehisced before collection.

Differences in the proportion of developed fruits (of
marked flowers) and seeds (of ovules in ovaries) were
tested by 1-way ANOVA (at α = 0.10, to reduce the
possibility of a Type I error), with the treatments (R, CR,
P, CP) as fixed factors. A post-hoc Tukey’s Honestly Sig-
nificant Difference (HSD) test was applied to determine
which treatments differed significantly from each other.
Data were arcsine transformed to approach normality.

RESULTS

During the experimental period in April 2008, the
mean density of fresh male flowers or flower buds
at pre-anthesis varied between 3 and 26 per 4 m2

(mean ± SD: 15.0 ± 6.90, N = 10), and there were 1 to 24
(10.2 ± 6.3, N = 10) fresh female flowers (or buds at pre-
anthesis) per 4 m2. In April to May 2009, we found 2 to
15 (8.2 ± 3.8, N = 10) male and 1 to 21 (11.7 ± 6.9, N = 10)
female flowers per 4 m2. The mature male buds varied
little in size in the study area; in 2008 they were, on av-
erage, 9.90 ± 5.85 mm long (N = 30) with 9.1 ± 0.50 an-
thers and in 2009 they were, on average, 9.84 ±
0.58 mm long with 9.0 ± 0.55 anthers (N = 30). A male
flower yielded, on average, 1.56 × 105 ± 2.93 × 104

pollen grains (N = 3) in 2008 and 1.60 × 105 ± 3.52 × 104
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(N = 24) in 2009. The ovary of a female flower contained
2 to 6 ovules, with an average of 3.4 ± 0.97 ovules (N =
50) in 2008 and 3.0 ± 1.12 ovules (N = 50) in 2009. At the
time of the experiments, the proportions of male to fe-
male flowers were 1.47:1 and 0.70:1 in 2008 and 2009,
respectively, resulting in a pollen:ovule ratio of 6.7 ×
104:1 in the first year and 3.7 × 104:1 in the second.

After 50% reduction of the male flowers in 2008, we
observed reduced fruit-set and seed development, and
artificial pollen addition to the female flowers in 2009
resulted in increased fruit- and seed-set when com-
pared with the untreated flowers (Fig. 1). When the
data of 2008 and 2009 were combined and tested by 
1-way ANOVA, the proportion of developed fruits of
all marked fruits (fruit-set) varied significantly be-
tween the treatments (F = 26.63, df = 3, p = 0.004). The
post-hoc Tukey’s HSD test revealed 2 subsets: (1) R
(removal of males in 2008) and CP (control, no pollina-
tion in 2009) and (2) CR (control, no removal of males
in 2008) and P (pollen addition in 2009). The seed-set
(proportion of developed seeds of all ovules in
the ovaries) also varied significantly between above-
mentioned treatments (F = 5.032, df = 3, p = 0.076), but
the post-hoc test did not reveal subsets.

DISCUSSION

Our results show that when 50% of the male flowers
were eliminated in 2008, Thalassia testudinum suffer-
ed a reduction of 25% and 18% in fruit- and seed-set,
respectively. In the 2009 experiment, when natural
male abundance was low, the increased fruit-set (26%)
and seed-set (15%) after the artificial addition of
pollen, indicated that during this year, the untreated
female flowers (controls) were pollen-limited. Thus,
when fewer male flowers were present, fewer female
flowers were fertilized and those that were fertilized
produced fewer seeds; the latter effect was unex-
pected because pollen of T. testudinum is released in
mucilage, which would imply pollen capture in pack-
ages. However, Sanabria-Alcaraz (2009) found both
single and multiple grains in pollen traps, so pollen
grains may also be transported independently.

As far as we know, this is the first report of experi-
mental evidence of pollen limitation in a dioecious
plant with hydrophilous pollination. Ackerman (2002)
simulated pollen capture of the monoecious Zostera
marina related to hydrodynamic regimes within the
canopy and found that this seagrass required 103 to 104

pollen grains to pollinate a single flower, which corre-
sponds with the pollen to ovule ratio of 104:1 for this
seagrass (Ackerman 1993). Because pollen transport is
limited in seagrasses, pollination success within a
population may be strongly related to the density and
distribution of flowers within that population. Reusch
(2003) experimentally removed and added flowering
shoots of Zostera marina (with male and female flowers
within a single inflorescence) and found that seed-set
was positively related to floral density until saturation
was reached. In 2009, the density of the male flowers of
Thalassia testudinum was lower (~2 flowers or mature
buds m–2) than in 2008 (almost 4 flowers or mature
buds m–2) or in other years (Van Tussenbroek 1994,
B. I. van Tussenbroek unpubl. data). In 2009, forced
pollination resulted in a fruit-set (91%) comparable
with that of the control treatment in 2008 (86%). Thus,
in 2008, the system was probably near pollen-resource
equilibrium, whereas in 2009, when male frequency
was lower (and female presence only slightly higher),
pollen was limited. Flowering densities in the study
area are in the upper range reported for T. testudinum
in comparison with most other areas in the Puerto
Morelos reef lagoon (Van Tussenbroek 1994, B. I. van
Tussenbroek unpubl. data), the Mexican tropical
Atlantic coast (Van Dijk & Van Tussenbroek 2010) and
other geographical areas (Van Tussenbroek et al.
2006). Thus, T. testudinum may be pollen limited
under many circumstances. The present study on
T. testudinum and those on Zostera marina (Reusch
2003), Enhalus acoroides (Vermaat et al. 2004) and
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Phyllospadix spp. (Shelton 2008) may be examples of a
more general rule that hydrophilous plants suffer from
insufficient pollen supply under suboptimal environ-
mental conditions.

Wind pollination is thought to have evolved after
insect pollination as a mechanism of reproductive
assurance in the absence of animal pollinators (Culley
et al. 2002, Friedman & Barrett 2009). Many anemo-
philous angiosperms are also pollinated by insects (Fox
1992, Culley et al. 2002), and Friedman & Barrett (2009)
found that only 1 of the 10 studied wind-pollinated
herbs showed increased seed-set after artificial pollina-
tion. Seagrasses, on the other hand, are obligate abioti-
cally pollinated plants. When the seagrasses invaded
the sea, they most probably suffered from dilution of
the pollen in the turbulent aquatic environment, similar
to the gamete dilution of sedentary marine free-spawn-
ing animals and seaweeds (Levitan & Petersen 1995,
Yund 2000). Morphological features such as highly
reduced floral structures, filamentous pollen, elongated
stigmas or the prevalence of dicliny are considered to
be adaptations to the transport and interception of
pollen in the aquatic medium (see Ackerman 2006 for
summary). However, there are other traits of the
hydrophilous syndrome that are better explained as a
response to pollen dilution, such as copious pollen
production and mechanisms of pollen concentration, for
example pollen release in mucilaginous masses or
strands (Ackerman 2006), restricted flowering periods
(Inglis & Lincoln Smith 1998, Walker et al. 2001, Van
Tussenbroek et al. 2009) or synchronized pollen release
(Van Tussenbroek et al. 2008, 2009). Thus, pollen limi-
tation could have been an important selective agent in
the evolution of the life history characteristics for this
ecological group of marine angiosperms.
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