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Abstract

The pollen production per anther has been analysed in ten species of Chenopodiaceae that grow in the salt marshes of the
Marismas del Odiel Natural Park (Huelva, south-west Spain). The mean pollen production per anther is 5819, ranged
from 580 in Salicornia ramosissima to 12 467 in Salsola vermiculata, and is related to the size of the anthers. In six of the spe-
cies, pollen production per anther has been studied in two populations and a strong interaction between species and popu-
lations was found. Pollen production of central and lateral flowers has been compared in four species, showing that central
flowers produce significantly more pollen than lateral ones. In Arthrocnemum macrostachyum, a comparison between the pol-
len production of upper and lower stamens was performed and no significant differences were found. The pollen/ovule (P/O)
ratio has been estimated for each of the species studied for the monoecious species, using the previously calculated male
flower/female flower ratio. The monoecious species have the highest P/O ratios, followed by those with hermaphrodite flow-
ers and allogamous reproduction. The lowest P/O ratios were found in Salicornia ramosissima (681) and Suaeda albescens
(6025), possibly due to them being autogamous, which is consistent with the annual cycle and ecology of the species. The
biggest value was found in the monoecious species Halimione portulacoides (88 405). In the remainder of the species, the P/O

ratio depends on the density of individuals of each species in the communities.

Keywords: Marsh, pollen, P/O ratio, Chenopodiaceae, pollination, reproductive biology

Salt marshes constitute a habitat of great ecological
interest and high conservation value and have been
the subject of several wide-ranging studies. How-
ever, information regarding the reproductive biology
of plant species in this environment is sparse. Most
studies have been restricted to investigations of the
capacity of vegetative reproduction (Long & Mason,
1983; Boorman, 2003) or the ecological factors
related to the dispersal and germination of fruits and
seeds (Khan & Gul, 2006).

The Chenopodiaceae is one of the most important
components of salt marsh vegetation (Long &
Mason, 1983; Adam, 1990). The species in this
group are mainly anemophilous, although some are
dichogamous and diclinous (Connor, 1984; Pendleton
et al., 1988; Pendleton et al., 2000). Anemophilous
species generally produce large amounts of pollen to

counteract the low efficiency of wind as a pollen vector
(Faegri & Van der Pijl, 1979), which gives them high
rates of gene flow (Hamrick et al., 1995). However,
not all of the species that possess an anemophilous
pollination syndrome are allogamous; some species
have evolved predominant selfing as sexual strategy
(Barrett & Eckert, 1990).

From the point of view of reproductive strategies,
the absolute pollen production is not as important as
the pollen/ovule (P/O) ratio. The latter was estab-
lished by Cruden (1977) in order to relate the repro-
ductive system to the ecological preferences of the
species. Cruden (2000) also proposed that anemo-
philous P/O ratios might vary among species according
to distance between putative mates, area of the stigma,
height of pollen liberation and length of stigmatic
receptivity.
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This study describes the pollen production of ten
species of the Chenopodiaceae in the protected
Marismas del Odiel Natural Park. The results are
discussed in terms of the breeding systems, ecology
and population density.

Materials and methods
Description of flowers and inflorescences

The details of the flowers and inflorescences in the
species of this study are described later (Castroviejo,
1990), in line with the systematic treatment estab-
lished by Kadereit et al. (2003).

Subfamily Chenopodioideae, tribe Atripliccae. — Both
Atriplex halimus L. and Halimione portulacoides (L.)
Aecllen are shrubs with panicle-like inflorescences
with sessile cymose glomerules bearing male and
female flowers. The male flowers have five stamens,
the female have one pistil with a single ovule.

Subfamily Salicornioideae, tribe Salicornieae. — Salicornia
ramosissima Woods is annual, whereas Arthrocnemum
macrostachyum (Moric.) K. Koch, Sarcocornia frur-
cosa (L..) A. J. Scott, Sarcocornia perennis (Mill.)
A. J. Scott and Sarcocornia alpini (Lag.) Rivas Mart.
are perennial. All have spike-like inflorescences with
two opposite cymes in each whorl, each cyme having
one central and two lateral hermaphrodite flowers.
Each flower has two stamens, one adaxial or upper,
and one abaxial or lower, except for Salicornia ramo-
sissima, which only had the adaxial stamen in the
population studied. The flowers have one pistil with
one ovule.

Subfamily Suaedoideae, tribe Suaedeae. — Suaeda
albescens Lazaro Ibiza is annual and herbaceous,
Suaeda vera Forssk. ex J. F. Gmel. is a shrub. Both
produce hermaphrodite flowers in the leaf axils, in
cymes with a central flower and, in general, two lat-
eral flowers. Each flower consists of five stamens and
one pistil with one ovule.

Subfamily Salsoloideae, tribe Salsoleae. — Salsola
vermiculata L. is a bush with panicle-like inflores-
cences with a single hermaphrodite flower developed
on the axil of a bract. The flowers have five stamens
and one pistil with a single primordium.

Descriprion of the study area

The samples used in this study were collected at
four different locations from the tidal marsh in the
Marismas del Odiel Natural Park (Huelva, south-west
Spain; Figure 1).
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Figure 1. Map with the studied locations.

Both localities 1 and 2 consist of similar vegeta-
tion complexes as indicated by Fernandez-Illescas et
al. (2010a). The lower zone is completely sub-
merged at high tide and consists only of Sarcocornia
perennis (Pucinellio maritimae—Arthrocnemetum peren-
nis Géhu, 1976). The middle zone is flooded at
high tide and houses a community of Sarcocornia
fruticosa and Halimione portulacoides (Cistancho
phelipaeae—Arthrocnemetum fruticost Géhu ex Géhu
& Géhu-Franck, 1977). The upper zone is only
reached by the highest tides and has a diverse com-
munity of halophyte shrubs including Arthrocnemum
macrostachyum, Suaeda vera and Salsola vermiculata
(Inulo crithmoidis—Arthrocnemetum macrostachy: Fon-
tes ex Géhu & Géhu-Franck, 1977). However, when
shrubs were cleared from the middle zone, Salicornia
ramosissima and Suaeda albescens could establish
(Suaedo spicatae—Salicornietum patulae Brullo, Fur-
nari ex Géhu & Géhu-Franck, 1984). These two
locations differ in their position in the channel
through which the tidal flow enters. Locality 2 is
more affected by tidal forces and presented a high
grade of mechanical perturbation.

Localities 3 and 4 differ in that they are not inun-
dated by tidal flows except in unusual circum-
stances. Locality 3 is a non-tidal marine deposit with
predominant Atriplex halimus (Pegano—Salsoletea ver-
miculatae Br.-Bl. & O. Bolos, 1957). Locality 4 lies
on the edge of the salt marsh where also fresh water
enters, and has mainly Sarcocornia alpini and
Arthrocnemum macrostachyum (Halimiono portula-
coidis—Sarcocornietum alpini Rivas-Martinez & Costa,
1984).

Pollen production per anther and anther size

The methodology follows Cruden (1977) and
Tormo et al. (1996). We studied 27 cases (Table I).
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In each sample, the number of pollen grains per
anther was estimated in five plants. Five mature and
closed anthers from different flowers were collected
from each plant in order to avoid variations in pollen
production due to the position in the plant and size
of the flowers (McKone, 1990). The length and
width of each anther was measured. The five anthers
were placed in a glass tube with 1 ml of distilled
water and ground with a glass rod until there were
no clusters of pollen visible under a dissecting
microscope. Each tube was shaken, five 10 ul drops
were extracted from it and arranged separately on
slides, and all the pollen grains in each drop were
counted under a light microscope. These data were
used to estimate the number of pollen grains per
anther in each plant.

In each plant (n=135) average lengthxwidth was
related to the pollen production by using Pearson
regression. The reason for not using anther length
only derives from the observations of Tormo et al.
(1996), who found that the relation between anther
length and pollen production is not linear but is
quadratic.

Comparison berween populations, flower position and
anther position

In six species (Halimione portulacoides, Arthrocnemum
macrostachyum, Sarcocornia fruticosa, Suaeda albescens,
Suaeda vera and Salsola vermiculara) pollen produc-
tion per anther was studied on plants from two dif-
ferent locations (localities 1 and 2). A generalised
linear model (GLLM) was used for testing differences
and interactions between species and locations. To
see if there were differences in the pollen production
between central and lateral flowers in plants with
flowers in cymes (Salicornia ramosissima, A. mac-
rostachyum, Suaeda albescens and Suaeda vera), pol-
len production per anther was studied in central and
lateral flowers separately, and GLM was used for
testing differences and interactions between species
and flower type. In A. macrostachyum, pollen pro-
duction from the adaxial and abaxial stamens was
analysed separately, and GLM was used for testing
differences and interactions between locations,
flower type and anther position.

Pollen production per flower and P/O ratios

In each case, the pollen production per flower was
estimated from the production of pollen per anther
and the number of viable anthers per flower (fully
developed and containing mature pollen grains).
The latter was estimated on 80 flowers in each popu-
lation. Hermaphrodite flowers have a single ovule, so
the P/O ratio is the same as the pollen production

per flower. In the monoecious species Armriplex
halimus and Halimione portulacoides, the ratio of male
and female flowers was estimated. Since female
flowers can form in the glomerule after the male
flowers and then later start to drop from the glomer-
ule once they are open, the number of flowers of
both sexes was counted on 30 glomerules of ten dif-
ferent plants over three consecutive weeks, a period
that covers the peak of flowering of both sexes. The
P/O ratios were estimated in each case, and the
mean for each species was calculated using all the
samples. Comparisons of P/O ratios (log trans-
formed data for normalisation) from different spe-
cies were carried out using analysis of variance
(ANOVA).

Results
Pollen production per anther and anther size

The mean numbers of pollen grains per anther pro-
duction using all the cases was 5819+3239 with the
minimum registered in the lateral flowers of Salicor-
nia ramosissima (580%£166) and the maximum found
in Salsola vermiculata in locality 2 (12 467+1633;
Table I). The mean value of anther length ranged
from 0.4 mm in the lateral flowers of Suaeda albes-
cens in locality 2 to 1.55 mm of upper anthers in the
lateral flowers of Arthrocnemum macrostachyum in locality
1. Mean anther length fluctuated from 0.3 mm in the
central and lateral flowers of Salicornia ramosissima
to 0.63 mm of the upper anthers in the central flowers
of A. macrostachyum in locality 1. Analysis of the sam-
ples of all the species showed a positive and signific-
ant correlation between the size of the anthers and
pollen production (r = 0.76; p = 0.0000; Figure 2).

Comparison berween populations, flower position and
anther position

In the six species studied, there was a strong interaction
between species and populations (Figure 3; Table II).
In Arthrocnemum macrostachyum, Sarcocornia fruticosa
and Suaeda albescens, the production was lower in sam-
ples from locality 2. However, the production was
lower in Sueda vera samples from locality 1. In the four
species in which the effect of flower position was stud-
ied, significant differences were found in the pollen
production between species and between lateral and
central flowers (Table II). Central flowers produced
significantly more pollen than lateral ones (Figure 4).
In A. macrostachyum, there are significant differences
between populations and between anther positions
(adaxial and abaxial; Table II), and there exists an
interaction between populations, flower position and
anther position (Figure 5).
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Figure 2. Relation between the size of the anthers (length x width) and pollen production per anther in the different samples studied.
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Figure 3. Least squares means (LS means) and their 95% confid-
ence intervals of pollen production per anther for different species
and populations (white: locality 1; black: locality 2).

Pollen production per flower and P/O ratios

Taking into account the number of anthers per
flower in each species and the number of fertile
anthers per flower obtained (Table I), the anther
viability percentage exceeds 85% in all species,
except in Suaeda albescens, where it is close to 50%.
The latter means that only half of the anthers pro-
duce pollen. In monoecious species, the number of
male flowers per female flower is higher in Halimione
portulacoides (4.06 and 4.65) than in Arriplex halimus
(2.64). The P/O ratios per sample ranged from 580

in lateral flowers of Salicornia ramosissima in locality 1
to 93223 in Halimione portulacoides in locality 2
(Figure 6; Table I). Awriplex halimus, Suaeda vera and
Salsola vermiculata are second, followed by Arthrocne-
mum macrostachyum, Sarcocornia fruticosa, Sarcocornia
perennis, Sarcocornia alpini and Suaeda albescens that
had a similar P/O ratio, and Salicornia ramosissima
with the smallest. The P/O ratios were significantly
different among the species (F = 58.7; p = 0.0000;
Table III).

Discussion

Our study confirms the generally quadratic relation-
ship between size of anthers and pollen production
found by other authors (e.g., Subba Redi & Redi,
1986; Tormo et al., 1996). However, some species
are above the regression line, while others are below
it (Figure 2). This may be due to the size differences
of pollen grains between species. According to data
in Candau (1987), the species above the regression line
(i.e. Awriplex halimus, Halimione portulacoides,
Suaeda vera and Salsola vermiculara) have smaller
pollen grains (<22 um) than the rest of the
species.

In each of the cases studied, the variation in pol-
len production per anther among the different indi-
viduals is comparable to that found in similar studies
(Stanton & Preston, 1988; McKone, 1990) with
coefficients of variation (relationship between the
deviation and the mean) between 5.2% and 43.9%
and a mean value of 14.6%. Pollen production per
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Table II. F-Statistics and significance levels (p) resulting from GLM analysis summarising the effects of locality, flower position and

anther position. Only significant values are shown.

Species included

F p

Halimione portulacoides, Sarcocornia fruticosa, Arthrocnemum

Species 207.02 0.0001

macrostachyum, Suaeda albescens, Suaeda vera and Suaeda Population - -
vermiculata Species X population 3.94 0.0027

Salicornia ramosissima, Arthrocnemum macrostachyum, Species 539.69 0.0001
Suaeda albescens and Suaeda vera

Flower position 15.80 0.0002

Species x flower position

Arthrocnemum macrostachyum

Population 14.09 0.0007
Flower position

Anther position 6.63 0.0149
Population X flower position - -
Population X anther position - -
Flower position X anther position - -
Population x flower position X anther position 4.41 0.0438

anther differs between the two populations; the data
showed some inter-population variability that may
be related to differences in environmental conditions
affecting pollen production (Delph et al., 1997;
Guardia & Belmonte, 2004).

Flower position appears to be an important factor
for pollen production; central flowers produce more
than lateral, and as a result, they have a larger P/O
ratio. In Arthrocnemum wmacrostachyum, the lower
anthers produce more pollen than the upper.
This difference varies with flower position and
population.

The mean P/O ratio of the populations studied
(29677) is similar to that found by Cruden (2000) for
anemophilous species (22150), although some authors
estimated this relationship to be above 1 000 000
(Ackerman, 2000). We found large differences in
P/O ratio between the species, which suggests that
factors other than the pollination system also affect
these ratios. These differences might be explained in
various ways.
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Figure 4. Least squares means (LS means) and their 95% confid-
ence intervals of pollen production per anther for central and lateral
flowers.
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Figure 5. Least squares means (LS means) and their 95% confid-
ence intervals of pollen production of lower and upper anthers of
Arthrocnemum macrostachyum for different flower positions (circle:
central; square: lateral) and populations (white: locality 1; black:
locality 2).
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for each species.
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Table III. Comparison between P/O ratios (log transformed) of
the species studied (ANOVA).

1 2 3 4 5 6 7 8 9

Arriplex halimus (1)

Halimione *kK
portulacoides (2)
Salicornia *kk KKK
ramosissima (3)
Sarcocornia *kk  kkk  Kkk
fruticosa (4)
Sarcocornia *hK KKK Kkk
perennis (5)
Sarcocornia Kkk kkK KRR
alpini (6)
Arthrocnemum *hkk  kkk  kkk  kkk  kkk  kkk
macrostachyum (7)
Suaeda *kk Kkkk kkk Kkkk R . * Kk Kk
albescens (8)
Suaeda vera (9) L kkk kkk kkk kKK kKK KAk KAk
Salsola _ kkk kkk kkk kkk kkk kkk kkk Kkkk

vermiculata (10)

*p < 0.05; **p < 0.01; ***p < 0.001.

Observations on pollen viability in the populations
studied here indicated that in the tribe Salicornieae
on average 80% of pollen is viable, in the tribe Azrip-
liceae this is close to 65%, and in the tribes Salsoleae
and Suaedeae it is around 50% (Fernandez-Illescas
et al., 20100). Atriplex halimus and Halimione portula-
coides are, moreover, monoecious and have high P/O
ratios, whereas all other species studied possess her-
maphrodite flowers and have much lower P/O ratios
(except Salsola vermiculata). This agrees with obser-
vations by Cruden (2000). Finally, Salicornia ramo-
sisstma is autogamous and had the lowest P/O ratio
of all. Its flowers possess a single stamen with a
small anther, which comes in direct contact with
the receptive stigma (Dalby, 1962; Davy et al.,
2001).

The predominance of autogamy has been demon-
strated in molecular studies, where it was observed
that outbreeding rates in some populations were
lower than 1% (Noble et al., 1992). The autogamy in
this annual colonising species could be an advantage
in the colonisation of bare soils (Richards, 1986),
where the plant usually forms virtually mono-specific
communities that can be very dense (Ellison, 1987;
Davy et al., 2001). Suaeda albescens is also annual,
grows in the same habitats, and has a similar ecology
and colonising behaviour (Davy et al., 2001; Boor-
man, 2003). This species also shares habitat in com-
munities of Suaedo spicatae—Salicornietum patulae but
without reaching densities like those of Salicornia
ramosissima. Suaeda albescens has features that could
be interpreted as a tendency towards autogamy,
namely the second-lowest P/O ratio of the study and
the drastic reduction in the number of functional

anthers. Both Salicornia ramosissima and Suaeda albes-
cens produced more pollen in the stamens of central
flowers than of lateral flowers. In addition, some
authors (Dalby, 1962; Ungar, 1979) have observed
that Salicornia seeds formed from central flowers are
larger than those from lateral flowers, and there were
even differences in the germination requirements
between the two types of seeds (Ellison, 1987).

In the species of the tribe Salicornieae, dichogamy
is a common characteristic in the increase in the
rate of cross-fertilisation (Connor, 1984). With
exception of Salicornia ramosissima, the P/O ratios
were found to be within the range for allogamous
species (Cruden, 1977). But although a higher
pollen production should be expected for all
species because they are anemophilous (Faegri &
Van der Pijl, 1979), the three investigated Sarcocor-
nia species seem to have relatively low values
(Cruden, 2000), whereas the pollen production of
Arthorcnemum macrostachyum is more in accordance
with its reproductive system. According to Cruden
(2000), this might be related to population densi-
ties: pollen production is usually higher for species
in which the individuals grow as a rule at larger dis-
tances from each other. In agreement with their rel-
atively low pollen production, the Sarcocornia
species grow in highly restricted habitats with
extensive coverage and little diversity (Fernandez-
Illescas et al., 2010a). Sarcocornia perennis occupies
the lower levels of the salt marshes, where it acts as a
coloniser (Davy et al., 2006) and dominates the
Pucinellio mariimae—Arthrocnemetum perennis (Rivas-
Martinez et al., 1980) community. Sarcocornia fruti-
cosa occupies a mid-position in communities of
Cistancho phelipaeae—Arthrocnemerum fruticosi in high
coverage and dominating together with Halimione
portulacoides  (Rivas-Martinez et al.,, 1980).
Sarcocornia alpini is dominant in communities of
the Halimiono portulacoidis—Sarcocornietum alpini
(Fernandes-Lousa et al., 1999). In contrast,
Arthrocnemum macrosctachyum and the other alloga-
mous species with hermaphrodite flowers (Salsola
vermiculata and Suaeda vera) as well as the two
monoecious species (Awriplex halimus and Halimione
portulacoides) inhabit a wider range of communities,
generally with lower coverage and with a greater
diversity of species, which results in a greater
distance between individuals, and therefore a
higher P/O value.
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