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Seed characteristics and dispersal of dimorphic fruit segments of
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ABSTRACT - (Seed characteristics and dispersal of dimorphic fruits segments of Cakile maritima Scopoli (Brassicaceae)
population of southern Brazilian coastal dunes). Cakile maritima occurs sporadically along the southern Brazilian coast,
where it isrestricted to more protected sites at the base of foredunes. Somatic dimorphism in C. maritima is manifested as
morphologically distinct upper and lower fruit segments (silicules). The two morphsweretested for differencesin size, number
of seeds, dispersal ability and natural establishment. Inthe C. maritima population of southern Brazil, the lower silicule has
more seeds than upper silicule, and lower seeds are morelikely to abort than the upper ones. Seeds from upper segmentswere
significantly larger than those from lower ones; however, their massranges overlap. The mean silicule masswas not significantly
different from both segments, but the silicul e/seed massratio from upper and lower segmentswas significantly different. Both
segments had high ability to float in seawater, more than 50% were still afloat after 70 days. Nevertheless, dispersal occurs
mainly to landward due to dominant wind action. Most of the seedlings were restricted to within a one-metre radius of the
mother plant, and were principally derived from lower fruit segments.
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RESUMO - (Caracteristicas das sementes e dispersdo dos segmentos de frutos dimérficos de uma populagdo de Cakile
maritima Scopoli (Brassicaceae) nas dunas costeiras do Sul do Brasil). Cakile maritima ocorre esporadicamente ao longo da
costa Sul do Brasil, onde é encontrada restrita aos locais mais protegidos na base das dunas frontais. O dimorfismo somético
€manifestado como segmentos de frutos (siliculas) superior einferior, morfol ogicamente distintos. As sementes dos doistipos
de segmentos foram avaliadas quanto ao tamanho, nimero, capaci dade de di spersao e estabel ecimento em condi¢des naturais.
Napopulagéo de C. maritima no Sul do Brasil assiliculasinferiores apresentaram maior nimero de sementesdo queassiliculas
superiores, e as sementes das siliculas inferiores foram mais abortadas que as das superiores. As sementes dos segmentos
superiores foram significativamente maiores do que aquel as dos segmentos inferiores; entretanto ocorreu uma sobreposicéo
nos pesos entre elas. O peso médio das siliculas dos dois segmentos néo difere significativamente, mas a razéo peso das
siliculas / peso das sementes foi significativamente diferente para os segmentos superior e inferior. Ambos segmentos
apresentaram grande habilidade de flutuar em &guasalgada, superior a50% apds 70 dias. Todavia, adispersdo dos segmentos
dos frutos ocorre principalmente em dire¢do ao continente através da agdo do vento. A maioria das plantul as encontradas no
ambiente natural se encontrava restritanum raio de um metro da planta-mae, e era originada princi pal mente de sementes dos
segmentos inferiores dos frutos.

Palavras-chave - Cakile, dimorfismo de frutos, disperséo, producdo de sementes

Introduction

Cakile maritima Scopoli (Brassicaceae), “sea
rocket”, is a succulent annual or biennial species
narrowly restricted in habitat to the coastal strandline,
but widely distributed throughout the world (Barbour
1972). The species occurs sporadically along the
southeastern Brazilian coast, but is restricted to more
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protected sites at the base of frontal dune ridges
(Cordazzo 1985, Seeliger 1992, Cordazzo & Seeliger
1993). It is native to the shores of the Mediterranean
Sea, and wasintroduced into South Americalast century
in the ballast of ships plying between European and
South American ports (Rodman 1986).

A limited number of familiesof higher plants, such
as Brassicaceae, Chenopodiaceae, Poaceae, and
Asteraceae, appears to have somatic seed
polymorphism (Baskin & Baskin 1976, Fenner 1985).
This phenomenon is the production of seeds or fruits
with different morphologies or germinative behaviour
on different parts of the same plant, and it is a somatic
differentiation rather than the result of genetic
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segregation (Harper 1977). These variations are
frequently accompanied by differences in seed size
(Sorenson 1978), colour (Williams & Harper 1965),
external structure (Williams & Harper 1965),
dispersibility (Sorenson 1978, Payne & Maun 1981),
germination requirements (Berger 1985), and growth
(Maun & Payne 1989). Somatic dimorphism in
C. maritima consists of two morphological distinct types
of fruit segments, upper and lower (figure 1). The upper
fruit segments are deciduous and may disperse long
distances by water waves and currents and for short
distances by rolling caused by winds. The lower fruit
segments usually remain attached to the parent plant
and are consequently buried by wind-blown sand,
thereby forming clumpsof seedlingsin the next growing
season (Barbour 1972, Keddy 1982).

The number of seedsin C. maritima varies between
upper and lower fruit segments (Barbour 1970). Maun
et al. (1990) found that seed size in C. edentula varies
with position within the fruit and germination differs
for upper and lower segment seeds.

The aims of this work were (a) to determine seed
production and seed size of the two types of fruit
segments; (b) to examine the modes of dispersal of the
dimorphic fruit segments of C. maritima populationin
southern Brazilian coastal dunes.

Figure 1. Thedistinctivefruit of Cakile maritima Scopoli an
indehiscent, hard-corky, two-segmented silicule (upper and
lower).

Material and methods

To determine reproductive output per plant, 25 plants
randomly selected of Cakile maritima Scopoli were harvested
inMarch (end of summer) from plants near SaritaLighthouse
(32° Sand 52° W) and packed inindividual bags. Later, inthe
laboratory, the number of fruits and number of seeds from
each plant were recorded. A randomly selected sub-sample
of 560 fruits (silicules) was separated into upper and lower
segments, and each segment was split to remove its seed.
The number of seedsin each segment was recorded.

Seedlings of C. maritima (5 daysold) wereindividually
planted in 26 cm diameter plastic potsfilled with 4:1 sand and
compost soil mixture. All potswere maintained in aglasshouse
until they produced flowers and fruits. Plants were watered
daily with freshwater and every two months each plant
received 200 mL of nutrient solution (NPK 7:7:7, 191000 mL ).

The mass and length of 300 seeds and silicules from
each of upper and lower fruit segments of C. maritima,
selected at random, were recorded with an el ectronic balance
and with calipers, respectively.

The potential for dispersal by water of fruit segments
(upper and lower) was assessed by determining buoyancy,
using methodology similar to that used by Maun (1985) and
Maun & Payne (1989). Four replicates, each of 100 fruits,
were placed in individual 4,000 mL beakers containing
seawater, and maintained at acontrolled room temperature of
20+ 2 °C. Thewater was constantly agitated by bubbling air
through it to avoid stagnation and simulate wave action. The
number of fruitsstill afloat was counted every 24 hoursfor a
maximumof 70 days.

In order to determine the dispersal capacity of
C. maritima seeds, four-weeksold plantswere planted in the
foredune areas, individually, at locationswhere C. maritima
plants had been previoudly absent. Six months|ater, the plants
which had survived and produced fruits were marked with
wooden stakes. The seedlingsfrom the progeny were mapped
(position and distance) in relation to their mother plants and
carefully removed. In most cases the silicule remained
attached near to the junction of the hypocotyl and the root,
which permitted identification of the type of fruit (upper or
lower) from which it had originated.

Student’s “t-test” was used to compare differences in
seed mass, and dimensi ons between dimorphic fruitsand also
the dispersal of the two fruit segments. Additionally, test
comparing two proportions (Zar 1984) was used to compare
the number of seeds produced in each type of fruit segment.

Results

Late summer was the best time to assess the
reproductive capacity of Cakile maritima Scopoli inthe
southern Brazilian coastal dunes, because most fruits
were close to maturity and the upper fruit segments
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had not yet detached from the lower ones. Fruit
production per plant was highly variable with range of
15t0 3,561 fruits, whichindicatesahigh plasticity anong
plants. The mean total number of seeds (upper + lower)
per plant also showed high variation, with arange of 22
to 3,269 seeds, and an average (+ standard deviations)
of 1011.5+ 214.6.

Usually each fruit segment contained asingle seed,
but sometimes it contained none (i.e. the seed had
aborted) or up to three normal seeds (table 1). Thelower
fruit segments contained more than two seeds more often
than the upper one, and lower seeds showed atendency
to be more frequently aborted (11.4%) than upper ones
(9.3%), however these values was not statistically
different (P = 0.2489).

Theannual C. maritima completed its growth and
reproduction in six months, producing fruits and seeds.
Experimentsin the glasshousewith theaddition of nutrients
produced seed masses significantly greater for both fruit
segments, with an average of (upper) 6.0 £ 0.14 mg;
(lower) 4.9+ 0.18 mgrelativetothoseinthefield (upper)
4.2 +0.12 mg; (lower) 3.9+ 0.11 mg, respectively.

The seed lengths from upper segments was 4.1 £
0.1 mm (2.6t05.1 mm), whilethose of lower oneswas
3.8+ 0.2mm (3.0t0 5.0 mm). Inthe southern Brazilian
population, seeds from upper segments were
significantly heavier than from lower ones, withamean
of 4.2+ 0.1 mgand 3.9+ 0.1 mg, respectively (table 2).
However, their length and mass ranges overlap
(figure 2). The mean silicule mass was not significant
different between both segments (table 2), but the
silicule/seed ratio from upper and lower segments was
significantly different (mean £ standard deviation)(2.9
+ 0.7 and 3.3 £ 0.9), respectively. Seed mass was
significantly correlated with seed length for both fruit
segments (r = 0.834, F e = 107.87, P < 0.001); (r=
0.768, F,,,. = 51.77, P < 0.001).

The dispersal of the fruit segments was both
perpendicular to and lateral along the beach (figure 3)

Table 1. Percentage of the number of seeds per fruit segment
of Cakile maritima Scopoli from asouthern Brazilian coastal
dune. Empty segmentswere recorded as abortive (*) (n =560
fruits), (ns) = not significant.

Number of seeds per segment

Segment  O(*) 1 2 3 4
Lower 11.4% 68.8% 190%  0.7% 0.1%
Upper 9.3% 82.7% 8.0%

(ns) P<0001 P<0.001

but the perpendicul ar dispersion wasgreater than lateral
movement (t = 5.74; P < 0.001), with means of 60.9 £
6.25 cm and 23.7 + 1.78 cm, respectively. The mean
distances of dispersal of fruit segments of C. maritima
weresignificantly different (t = 7.69; P <0.001) at 67.6

Table 2. Mean (+ standard error) of seed length and mass,
silicule massand silicul e/seed ratio of fruits (upper and lower)
of a Cakile maritima Scopoli population from a southern
Brazilian coastal dune (n = 300 fruits). Different lettersin
each column are significant different according to “t-test”
(Student) at 5% significancelevel. (ns= not significant).

Segment Seed Seed Silicule  Silicule/Seed
length(mm)  (mg) (mg) Retio
Lower  3.8%0.2 39+01 11.0+22 33%09
@ @
Upper 41+01  42+01 107+19 29+07
(ns) (b) (ns) (b)
t=0.98 t=245 t=-0091 t=2.17
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Figure 2. Frequency distribution of seed mass (mg) from
different fruit segments of Cakile maritima Scopoli
population of southern Brazilian coastal dune: upper
segments (open, n = 120); lower segments (hatched, n = 120).
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+ 6.3 and 27.8 + 4.0 cm for upper and lower fruits,
respectively (figure4). Somefruitsfrom upper segments
had dispersed by wind to amaximum detected distance
of 723 cm from the parent plant.

The upper and lower fruit segmentsof C. maritima
showed high buoyancy of 60% and 58%, respectively,
after 70 days in agitated seawater (figure 5). No
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Figure 3. Distribution of seedlings around mother plants of
Cakile maritima Scopoli in relation to dominant NE and SE
wind directions (star symbol plot) in southern Brazilian coastal
dunes during the experimental period (n = 92). The length of
the rays in the star symbol plot represents the proportional
frequencies of wind directions.
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Figure 4. Frequency of seedling dispersal away from
mother plants of Cakile maritima Scopoli in a southern
Brazilian coastal dune: N = lower fruits, open area D = fruits
(n=100).

significant differences were observed between upper
and lower fruit segments (t =0.297; P < 0.5) in buoyancy.
Themagjority of upper and lower fruit segmentsremained
afloat after thefirst 20 days of agitation. However, after
20 days the number of fruit segments that sank
increased. No germination of either type of fruit segment
was recorded while they were floating in seawater.
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Figure 5. Buoyancy of Cakile maritima Scopoli fruits: filled
diamonds one lower fruit segments, n = 100; open empty
rectangles one upper fruit segments, n = 100. —e—= Lower
fruits, —o—= Upper fruits.

Discussion

The high variability in seed production of Cakile
maritima Scopoli in the southern Brazilian populationis
probably duein part to continuous germination through
the year (Cordazzo 1994), which creates a mixed age-
structure. Additionally, a high phenotypic plasticity is
combined with microsite environmental variability that
may vary in moisture content, nutrient statusand organic
detritus, similar to the situation in C. edentula (Bigel.)
Hook. on Canadian lake shores (Hawke & Maun 1989).

Thelarge number of aborted and multiple seedsin
lower (proximal) segmentsin relation to upper (distal)
segments, wasreported in severa works (Salisbury 1942,
Barbour 1970, Rodman 1974, Maun et al. 1990), thus
indicating that lower seeds are being selectively aborted.
Hawke & Maun (1989) reported that the abortion of
seeds in C. edentula may be of adaptive significance
because larger quantity of nutrientswould be available
for fewer ovules thus increasing or maintaining their
size above a certain minimum probably at expense of
the number of seeds. Upper seeds were dlightly larger
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than lower seeds, which is characteristic of seedsin all
Cakile taxa(Rodman 1974). Thefrequency distribution
of seed masswas positively skewed for both upper and
lower seeds. Ernest (1985) suggested that a skewed
distribution indicates stress which may result from a
shortage or excess of moisture, nutrients, salt content,
or other environmental factors.

Both upper and lower seeds of C. maritima in
southern Brazil werelighter than thoserecorded in other
populations by Salisbury (1942) for central European
materid (upper 9.7 mg; lower 8.5 mg), by Barbour (1970)
for Californian specimens (upper 8.2 mg; lower 6.0 mg),
and by Hocking (1982) for south-western Australia
(upper 11.9 mg; lower 11.0 mg). Hocking (1982)
suggested that differences between seedsfrom different
places may be a function of the higher solar radiation
and thusgreater photosynthesis, or dueto alarge-seeded
ecotype. The first hypothesis is questionable, because
seeds of C. maritima from southern Brazil werelighter
than seeds from south-western Australiaand California
(USA) at similar latitude.

Shortage of nutrients and competition with other
plants are two factorsthat may cause reductionin plant
szewhichinitially isreflected in reduction of reprodutive
output (Keddy 1982, Cody & Cody 2004). Cakile habitat
isusually subjected to occasional flooding by seawater,
continuous salt spray and litter deposition, whichtogether
provide Cakile with extra nitrogen and phosphorus
(Garcia-Novo 1976, Pakeman & Lee 1991b). Pakeman
& Lee(19914) found that C. maritima on the west coast
of Wales showed marked differences in growth
dependent on its position of establishment on sandy
shores. Large, rapidly growing plants are associated
with sand containing macroalgal litter, whereas small
stunted plantsarefound on foredunes above the limit of
tidal inundation. Probably the small mass of Cakile
seedsfrom southern Brazil reflectsalow nutrient status
(Costa et al. 1991, Cordazzo 1994), because this
population occurs not in a strandline habitat, but in the
more stable conditions encountered at the base of
foredunes (Sedliger 1992) where competition for nutrient
may occur with the perennial grass Panicum
racemosum (Beauv.) Spreng. This hypothesis was
supported by the results, where plantsfrom the southern
Brazil population weregrownin different conditions: in
the natural environment versusin aglasshouse, where
they received nutrient solution. The mean seed mass of
both segmentsfrom cultivated plants was significanty
larger than plants from natural environment.

An additional explanation for the small seed mass
of plants from southern Brazil in relation to other

populations may be because seeds from fruit segments
occupied by twin seeds are highly significantly lighter
than seeds from single-seeds fruits (Janzen 1978),
reflecting strong competition for resources among
siblings within a fruit. For instance seeds from both
segments of C. maritima from southern Brazil were
more frequently multiple (lower 19.8%; upper 8%) than
other populations, as reported by Barbour (1970) from
California (lower 7%; upper 4%).

Fruits of Cakile are well adapted for water
dispersal, because the presence of spongy tissuein the
silicule makesthem buoyant in seawater for long periods
of time (Maun et al. 1990). Several papers reported
this ability (Barbour 1970, Rodman 1974, Davy &
Figueroa1993, Andersen 1993). Guppy (1917) estimated
that fruitsof C. edentula (Bigel.) Hook. have apotential
to travel 208-272 km in seawater, and C. maritima
extended its range about 625 km in less than 30 years
on the western coast of the North America (Barbour &
Rodman 1970).

Both fruit segments of C. maritima from South
Brazil floated for long periods in seawater, paralleling
the results obtained by Maun & Payne (1989) from
Canadian material. On the other hand, Ignaciuk & Lee
(1980) reported that only a small proportion (4%) of
C. maritima fruits remained afloat after 30 days, and
Payne & Maun (1981) found that only the overwintered
fruit segments showed exceptional floating ability. The
apparent contradiction between thesefindings may arise
from the fact that the fruits from southern Brazil had
smaller seeds and more spongy tissueinthesiliculethan
the other populations (seethe ratio silicule/seed mass -
table 2).

The dispersibility of dimorphic fruit segments of
Cakile may be an adaptation and the species appears
to use three modes of dispersal: passive, long-distance
movement of fruit, and local dispersal by wind (Payne
& Maun 1981). In the C. maritima population in the
southern Brazil, the passive mode and local dispersal by
wind are the two principal mechanisms of dispersal.
Although, both fruit segments appear to possess high
potential to disperse by water because they had floating
ability, thisdispersal isnegligiblein southern Brazilian
population. There is good evidence to support this
contention; (&) sincethefirst record in the southern Brazil
(Cordazzo 1985), C. maritima has not expanded its
range aong the coast; (b) it occursonly in some patches
restricted to more protected areas, free of normal storm
tides (Cordazzo & Seeliger 1993), which can disperse
seeds; (c) the dispersal occurs more frequently in the
landward direction, by wind action, similar to results
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observed by Keddy (1981, 1982) in C. edentula. He
reported that the landward populations could only exist
because of the annual dispersal of seedsfrom seawards.
Watkinson’s model (1985) of Keddy’s data shows that
the abundance of individuals along the gradient is
dependent upon theinteraction between various density-
dependent and density-independent processes.

Most of the seedlings which germinate in spring
were restricted to within one-meter radius of mother
plant, and mainly originated from lower fruit segments.
Thisresult agreeswith previousresults (Barbour 1970,
1972, Rodman 1974, Keddy 1980, 1982, Payne & Maun
1981) and reflectsthe property of thelower fruit segment
(which remains attached in the parent) to remainin the
proven and productive habitat (Donohue 1998). The
upper fruit segments can be dispersed by wind for long
distances, even though they do not possess any
accessory structure (such as a sail) for wind dispersal.
In southern Brazil the dominant windsare from NE and
SE (Seeliger 1992) and the seedling distribution follows
alandward path at SW and NW directions. Although
we found seedlings (from upper fruit) 723 cm from
parent plant, most upper seeds are carried only 1 to
2 m landward, mainly because the obstruction caused
by the presence and high cover of the grass Panicum
racemosum Spreng., which restricts wind transport
(Cordazzo & Davy 1994).

In conclusion, fruit segments of Cakile maritima
are typically one-seeded, however, sometimes both
segments are multispermous (usually two-seeded) or
abortive (Rodman 1974). Lower fruit sesgmentsare more
often multispermous or abortive than upper segments,
while three- and four-seeded segments are quite rare
(Rodman 1974). The position of dimorphic fruits of
Cakile influence their seed mass (Barbour 1970). The
seedsfrom lower fruitshaveasignificantly lighter mass
than upper seeds, which may result from competition
between ovules for limited resources, early or late
fertilization of ovulesand possibly hormonal control of
fruit development (Hawke & Maun 1989). Fruit
dimorphism in C. maritima may be of adaptive
significancemainly for seedling establishment and seed
dispersion. Seedling establishment may be affected by
seed mass because large seeds of C. maritima positively
affect germination rates (Cordazzo 1994). Furthermore,
survival of seedlingsfrom large seedstendsto be higher
than from small seeds (Maun & Payne 1989). This
behavior appears to be an adaptation to establishment
in areas with active sand burial (Zhang & Maun 1992,
Cordazzo 2002) as is common in Cakile habitats.
Additionaly, dimorphic fruit segmentsreflect two modes

of dispersal. The upper fruit segment is shed and than
dispersed by wind or water, whereas the lower fruit
segment remains attached to the parent plant, thereby
forming clumpsof seedlingsina*“tried and true” habitat
(Barbour 1972).
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