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ABSTRACT
Aspects of the reproductive biology of 22 annual taxa inhabiting stabilized sand dunes
at the Doflana National Park (southern Spain) were studied. In most instances, growth
and reproduction of the plants took place during winter, with seedlings appearing mostly
in January. The highest number of species in bloom was detected in March, while
flowering and fruiting had ceased by June. Dependence on pollination vectors (insects
or wind) for reproduction was ascertained by caging plants of the studied species with
either mesh or acetate exclosures and comparing fruit set with that of uncaged in-
dividuals. Caging had little or no effect on the reproduction of most species. Facultative
autogamy was widespread, and cleistogamy was detected in one species (Tuberaria
inconspicua). Only two taxa (Andryala arenaria and Ononis broterana) showed zero
fruit set when pollination vectors were excluded. Pollen-to-ovule (P : 0) ratios were
usually low (the median for the whole sample was 238), which is consistent with a high
occurrence of self-pollination. A positive correlation was found between the P : O ratio
and the date of flowering onset, indicating that the earlier the start of the blooming
season, the more likely it is that the breeding system be dominated by autogamy. The
reproductive characteristics of annuals contrast with those of co-occurring woody
species previously studied at the same site.

In flowering plants, the annual habit often associates with breeding systems dominated
by autogamy (Stebbins, 1957; Hutchinson, 1969; Baker, 1974). The annual life-form is
advantageous for plants living in areas with marked seasonality and intense disturbance
regimes (Harper, 1977), while the advantages of autogamy (reviewed in Stebbins, 1957;
Jain, 1976; Wyatt, 1983) can be summarized in that propagule release is assured even if
environmental conditions are adverse for cross-pollination; a single individual can
theoretically establish a new population; and the integrity of favorable combinations of
genes is maintained, thus enabling local adaptations.

The Mediterranean flora is distinguished by a high proportion of annual taxa (Raven,
1973; Shmida, 1981), which is likely to have resulted from severe, long-lasting distur-
bance regimes (Pons & Quezel, 1985). The regional flora of southern Spain is not an
exception in this respect (see Valdds et al., 1987). However, and probably because of the
greater contribution made by woody plants to the bulk of vegetation, studies on plant
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reproduction in this area have often focused on shrubs (for example, C.M. Herrera, 1981,
1982, 1984, 1987, 1989; J. Herrera, 1985, 1988, 1989; Munoz & Devesa, 1987; Obeso,
1989; Arroyo, 1990; see, however, Maranon, 1987, Cobo & Andreu, 1988; Munoz &
Valdes, 1988; Fernandez-Ales et al., 1989). The goal of this report is to study the
phenology, the dependence on pollination vectors for reproduction, and the reliability of
pollen-to-ovule (P : 0) ratios (Cruden, 1977) as indicators of breeding systems in 22
annuals from a southern Spain stable-dune community. A sharp contrast is expected to
exist between the mating systems of annuals and those of woody scrub species previously
studied at the site (J. Herrera, 1986, 1987).

STUDY AREA AND METHODS

Field work was carried out during 1989 at the Reserva Biologica de Donana (Donana
National Park, southern Spain), a coastal area with a Mediterranean climate (Fig. 1) and
various types of Mediterranean shrubland as the main vegetation (see Allier et al., 1974).
Xerophytic shrubland dominated by Cistaceae species develops on low, stabilized sand
dunes, while hygrophytic scrub dominated by Ericaceae develops on places where the
water table is near the soil surface (Gonzalez-Bernaldez,1977). A rich annual community
is also found in the xerophytic shrubland.

The study site (Sabinar del Ojillo) has been described elsewhere (J. Herrera, 1986). It
encompasses a mixture of open Juniperus phoenicea subsp. turbinata (Guss.) Nyman
woodland and xerophytic scrub on stabilized dunes. Twenty-two annual taxa were
selected for study, which included the commonest species at the site. This group of
annuals represents a relatively small sample of the whole stabilized-dune therophyte
flora of Donana, which could be estimated to some 90 taxa (Rivas-Martinez et al., 1980).

To record seedling development and flowering, 40 permanent, circular quadrats (with
a radius of 20 cm) were established. Quadrats were monitored weekly from January
through April and more irregularly from April onwards. A species was considered in
bloom if at least one individual was in flower inside one quadrat. A reference collection
and the experience from previous field work at the site allowed accurate identification
of all taxa at early stages. To illustrate the range of plant sizes found in the community,
fresh whole-plant mass (including roots and fruits) was determined for ten randomly
selected mature individuals of several species.

P : 0 ratios (Cruden, 1977) were determined on FAA-fixed flower buds. The number
of ovules in the ovary was counted under a dissecting microscope for 5—10 buds per
taxon. In the same buds, the total number of pollen grains was also estimated. If there
were few grains per anther (less than 1000), every grain from an anther squashed on a
slide was counted under a microscope. The number of grains was then multiplied by the
number of anthers in the flower. If the anther contained more than 1000 grains, the total
number of grains was estimated from counts on 5-p.l droplets (10 replicates per flower)
extracted from an aqueous solution of safranine-detergent with known volume in which
an anther had been squashed. Bud samples of Andryala arenaria and Centranthus
calcitrapae were lost, so P : 0 values for these taxa are not available. To investigate a
possible relationship between P : 0 ratio and flowering date, species were assigned a
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Fig. 1. Flowering phenology of 22 annuals living on stabilized dunes at Doi-ma and climatological

diagram for the study area. T = monthly temperatures; P = rainfall averaged for the years 1970-

1984. Numerals identify taxa as they appear in Table I.

rank according to the order in which they came into flower (see Fig. 1). In a similar way,
taxa were ranked by their values of P : 0 (Table I). The Spearman's coefficient of rank
correlation (Sokal & Rohlf, 1981) was then computed.

The maximum dimension of flowers (the diameter in most cases) was measured to the
nearest 0.1 mm and subsequently used as an estimate of flower size. In the Poaceae,
flower size corresponds to lemma length, while in the Asteraceae it represents the length
of a disc floret. Insects observed to contact the anthers and stigmas and move between
flowers were recorded as pollinators. Observations spanned the hours with maximum
insect activity, mostly from 10:00 through 15:00. To determine the dependence of seed
production on pollinators, 15—20 seedlings of each species were randomly selected and
caged. Exclosures were cylinders 30 cm high made of rigid plastic netting (pore diameter
1 mm), firmly fastened to the ground with four thick wires. In presumedly wind-pol-
linated taxa, exclosures were constructed with transparent acetate plate. In these cases,
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the cylinders were topped with a piece of fine nylon mesh (pore diameter 0.2 mm) to
facilitate ventilation. To get an estimate of the dependency of fruiting on pollination
vectors, the numbers of flowers and fruits produced by caged and uncaged plants were
counted and compared. Although, in theory, the reduction in fecundity caused by caging
should have manifested as a continuum of varying intensities, in practice it appeared as
a categorical, fairly discrete variable with one out of three states: no reduction of fruit set
(0); manifest, although not complete reduction (1); and complete depression of fecundity
(2). These categories correspond to breeding systems dominated by automatic selfing,
facultative allogamy, and obligate allogamy, respectively (cf. Cruden, 1977).

RESULTS

The studied taxa are listed in Table I. The individuals of these species are ephemeral
plants which show poor vegetative development because of the sandy, nutrient-poor
nature of the dune soil in Doflana. For example, plant height ranges from 600 mm in
some unusually tall individuals of Brassica barrelieri to scarcely 15 mm in Crassula
tillaea plants. Plant mass (mean ± standard error) ranges from 10 ± 2 mg in Crassula
tillaea to 294 ± 68 mg in Erodium aethiopicum subsp. pilosum, the latter being one of
the largest therophytes in the community.

Seedlings of most taxa were present inside the quadrats by the time the study started
(January). The only exception in this regard was Loeflingia baetica, whose seedlings
remained undetected until March in spite of careful observations. Thus, seed germination
probably took place in most instances from October through December, a period that
encompasses the rainiest part of the year in Doflana (Fig. 1). Overall, the highly
contracted blooming season extended from January through early June and showed
considerable interspecific overlap in flowering time. By March, 50% of the taxa had
come into bloom. The first species observed in flower was Crassula tillaea (and since
observations were carried out only from January onwards, this taxon could have started
flowering even before). The last ones were Andryala arenaria, Ononis broterana, and
Loeflingia baetica. By mid-June all plants of most species had died and shed their seeds
(Fig. 1).

The identities of the pollinators are reported in Table I. These are mostly solitary bees
(Halictidae; mainly belonging to the genus Lassioglossum) and honeybees (Apis mel-
lifera), long-tongued bombyliid flies of the genus Bombylius, and small beetles. For
about half of the supposedly entomophilous taxa, no insects were observed that could be
regarded to act as pollinators. The more often visited annuals were Malcolmia lacera,
Ononis broterana, and Ornithopus sativus, while in the remaining species the visitation
rate was so low that just a few insects could be recorded after several hours of observa-
tions.

Table I gives values of the P : 0 ratios for 20 of the studied taxa. The range of
variation is large, extremes being Sagina apetala (P : 0 = 4) and Rumex bucephalo-
phorus (P : 0 = 17370). Only 5 species had a P : 0 ratios greater than 1000. The median
for the whole group of annuals is 238. A significant positive correlation exists in the
entomophilous subgroup between the date of onset of blooming and P : 0 (rs = 0.51,
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TABLE I

Pollinators, pollen:ovule (P : 0) ratios, and effect of pollinator exclusion on fruit set
in a sample of therophytes from Donana (southern Spain)

P : 0 Effect on
Family Species Visitorsa (SE)b fruit set`

Asteraceae 1. Andryala arenaria (DC.)
Boiss. & Reuter

Coleoptera,
Halictidae – 2

2. Senecio sylvaticus L. none 154 (17) 0

Brassicaceae 3. Brassica barrelieri (L.) Janka none 3463 (458) 1
4. Malcolmia lacera (L.) DC. Bombyliidae 752 (89) 1

Caryophyl- 5. Loeflingia baetica Lag. Formicidae 1231 (126) 1
laceae 6. Polycarpon alsinifolium

(Biv.) DC none 57 (7) 0
7. Sagina apetala Ard. none 4 (0.3) 0
8. Silene colorata Poiret none 229 (40) 0

Cistaceae 9. Tuberaria guttata (L.) Foun. Coleoptera 60 (14) 0
10. T. inconspicua (Thib.) Willk. none 6 (1) 0

Crassulaceae 11. Crassula tillaea Lester-Garland none 15 (2) 0

Fabaceae 12. Ononis broterana DC. Apidae,
Halictidae 4600 (1027) 2

13. Ornithopus sativus Brot. Apidae,
Halictidae 789 (136) 0

Geraniaceae 14. Erodium aethiopicum
(Lam.) Brumh. & Thell Bombyliidae 165 (16) 0

15. E. aethiopicum
subsp. pilosum Guittonneau Bombyliidae 226 (7) 0

16. Geranium purpureum Vill. none 61 (9) 0

Plantaginaceae 17. Plantago belardii All. A 8372 (937) 1

Poaceae 18. Brachypodium distachyon
(L.) Beauv.

A
480 (81) 0

19. Vulpia membranacea
(L.) Dumort

A
866 (102) 0

Polygonaceae 20. Rumex bucephalophorus L. A 17370 (3177) 1

Rubiaceae 21. Galium divaricatum
Pourret ex Lam. none 60 (6) 0

Valerianaceae 22. Centranthus calcitrapae
(L.) Dufresne none – 0

a A = wind-pollinated species according to morphology. bSE = standard error; – = no data. Co
= per-

cent fruit set near 100%, in both bagged and open-pollinated plants; 1 = some fruit set inside
exclosures; 2 = no fruit set inside exclosures.
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Fig. 2. The relationship between the date of the onset of flowering and the P : 0 ratio in a set of

annuals. Open circles = wind-pollinated; full circles = insect-pollinated species (rs = 0.51,

p < 0.05; computations do not take into account anemophilous taxa).

Fig. 3. Plot of P : 0 ratios vs. corolla size in therophytes and shrub species of Donana. Values for

shrub taxa according to J. Herrera (1987).
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p < 0.05, N = 16; Fig. 2). Mainly responsible for this pattern are the high P : 0 ratios
exhibited by most late-flowering (April—May) species such as Ononis broterana and

Loeflingia baetica.
Most species showed near 100% fruit set in both caged and uncaged plants. A

dramatic, although not absolute, reduction occurred in five taxa. In such instances, plants
under exclosures set less fruit (for example, in the wind-pollinated Plantago belardii) or

set fruits containing fewer seeds (e.g., Malcolmia lacera, Brassica barrelieri; personal
observation) than freely pollinated individuals (see also Munoz & Valdes, 1988). Fecun-
dity dropped to zero following pollinator exclusion in just two instances (Andryala
arenaria and Ononis broterana). In general, the effects of pollinator exclusion on fruiting
and P : 0 ratios correlate fairly well (Table I).

P : 0 values have been plotted against flower sizes in Fig. 3. Data from a previous
study (J. Herrera, 1987) for 22 co-occurring woody species have also been incorporated
to the plot for comparison. While woody taxa rarely have P : 0 ratios lower than 1000,
the reverse is true among annuals. Mean values are 1900 and 6300 for therophytes and
shrubs, respectively (nonparametric Mann—Whitney comparison of means: U = 88,
p < 0.001). Differences regarding mean flower size are also statistically significant
(U = 82, p < 0.001). On the other hand, the P : 0 ratio is uncorrelated with flower size in
both annual (r = 0.285, F = 1.587, p = 0.224) and woody species (r = 0.069, F = 0.096,
p = 0.759; log-transformed data).

DISCUSSION

Excluding the contact of flowers with insects or with the wind often caused but scarce or
no depressing effect on reproduction in the studied therophyte sample (Table I), which
suggests that most species are relatively independent of pollination vagaries for setting
seeds. In fact, annuals in the studied community exhibit a variety of breeding systems
ranging from obligate allogamy (Ononis broterana andAndryala arenaria) to facultative
autogamy (Erodium aethiopicum, for example) and cleistogamy (Tuberaria inconspicua;
the production of cleistogamous flowers by Tuberaria was first reported by Ascherson
(1880, in Brandt & Gottsberger, 1988)). Annuals contrast markedly in this regard with
coexisting shrubs, whose dependence on pollination vectors for reproduction is invariab-
ly great (cf. Cistus and Halimium; Herrera, 1987).

Water limitations, together with competitive interactions, are known to be of
paramount importance for the demography of arid-zone therophytes (Harper, 1977; Fox,
1990; Kadmon & Shmida, 1990; Watkinson, 1990). In the study area, precipitations
concentrate in autumn and winter (Fig. 1), the soil is sandy, and shallow moisture is
available to plants during a relatively short period (mostly November through April). As
a result, all annuals are forced to germinate, grow, flower, and set fruit within less than
six months (Fig. 1). According to Harper (1977), annuals living on sand dunes experience
severe mortality at the early stages of growth, and precocious reproduction is highly
selected for. Thus it is not surprising that some of the studied species behave as
"miniature" winter annuals (for example, Crassula tillaea, Sagina apetala, and Malcol-
mia lacera).
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The necessity of precocious reproduction in these annuals leads to winter flowering
and, presumably, to pollinator service shortage. Although flower-visiting insects are
active all the year round in Doflana (J. Herrera, 1988), those recorded on the flowers of
annuals (Halictidae, Bombyliidae, and Apis mellifera; Table I) represent but a small
subsample of the much more vast may of pollinators reported for woody shrub species
at the same place and time (J. Herrera, 1988). Since visitors have to be shared with
shrubs, and taking into account that therophytes have flowers considerably smaller (Fig.
3) and less abundant (personal observation) than those of shrubs, it is likely that annuals
are to some extent outcompeted by shrubs regarding pollinator services (see also Levin,
1972). It is remarkable, and in accordance with the reasoning above, that the few
nonautogamous taxa (on the basis of the effect of caging upon fruiting) in the sample are
spring bloomers (Andryala arenaria and Ononis broterana).

Additionally, a positive correlation between P : 0 ratio and date of flowering onset
was reported in this study for the insect-pollinated group of therophytes (Fig. 2). An
obvious interpretation of the correlation is that the earlier the flowering date, the more
necessary for the plant to self-pollinate regularly and, consequently, the lower the P : 0
ratio (Cruden, 1977). However, a cautionary remark is needed. In therophytes, several
traits contributing to the reproductive success of an individual (such as seed mass,
emergence date, water-use efficiency, and mating system) may function as a cluster on
which selection acts jointly (Kalisz, 1989; Farris & Lechowicz, 1990). Thus, the associa-
tion between flowering phenology and P : 0 ratio might be mediated by other life-his-
tory traits not directly related to the mating system, such as seed mass or plant size (see
Silvertown, 1981).

The P : 0 ratio in bisexual flowers was reported by Cruden (1977) to predict the
breeding system of a species. Although this notion has been subject to various critical
comments (for example, Cruden & Jensen, 1979; Cruden & Miller-Ward, 1981; Wyatt,
1984), the logical basis of the assertion (that increased efficacy in pollen transport would
be paralleled by decreased relative male investment, i.e., the ratio of pollen to ovules) is
still valid. The reliability of P : 0 ratios as indicators of breeding systems is particularly
high when studying phylogenetically related taxa (Preston, 1986; Boaz et al., 1990). Data
reported here support the notion that differences in breeding system among unrelated
species (such as that between shrubs and annuals in Doflana) can also be easily evidenced
through P : 0 ratios.
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