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Abstract Mate abundance is one of the most impor-

tant sources of variation in plant mating systems. We

examined within-population heterogeneity in the pollen

pool at two spatial scales (sites and plants), and

investigated the mating pattern variation in Myr-

tus communis under diverse situations of conspecific

neighbourhood, using allozyme electrophoresis of nat-

urally pollinated progeny arrays. For mating analyses,

plants sampled were classified into four neighbourhood

groups (from high to low) based on the local density

around them and the distance to their nearest neighbour.

The pollen pool was much more genetically heteroge-

neous among mother plants (*21%) than among sites

(*2%), probably because of the high levels of selfing

found (average s = 0.65). Outcrossing rates differed

significantly among neighbourhood groups and showed

a marked trend towards higher values from the lowest

(tm = 0.26) to the highest (tm = 0.45) degree of

conspecific aggregation. However, the lowest levels of

biparental inbreeding and correlated paternity were

found in the most isolated group of plants, indicating

that these plants crossed with more and less genetically

related fathers. Our study provides a clear demonstration

of positive correlation between conspecific aggregation

and the outcrossing rates. We discuss the ecological

implications of these results in the context of Mediter-

ranean ecosystems.
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Introduction

The plant mating system (i.e. the pattern of pairing

between gametes and their genetic relatedness) is a

determining factor for progeny performance, the

genetic structuring and long-term viability of popu-

lations (Barrett and Harder 1996; Hamrick and Godt

1996; Husband and Schemske 1996; Duminil et al.

2007). Therefore, estimating outcrossing rates at

different spatial scales is a central issue to understand

the reproductive biology and landscape genetics of a

species (Sork et al. 1999; Garcı́a et al. 2005).

Although mating systems are primarily controlled

by the plant reproductive characteristics that permit

or prevent self-fertilization (i.e. breeding system; see

Neal and Anderson 2005), they are influenced by

diverse ecological factors such as landscape

architecture, vegetation structure and abundance

of conspecific plants (Van Treuren et al. 1993;

Franceschinelli and Bawa 2000; Garcı́a et al. 2005).

Further, in animal-pollinated species mating systems

are directly affected by the abundance and behaviour
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of pollinators (Franceschinelli and Bawa 2000; Kalisz

et al. 2004).

Among these factors, conspecific density has been

found to be one of the most important parameters

determining the mating system of a species, being in

some cases a more important determinant than plant

population size (see Van Treuren et al. 1993). In fact, a

number of studies have reported positive relationships

between plant density and outcrossing rates at the

patch and population levels (e.g. Murawski and

Hamrick 1992; Van Treuren et al. 1993; Franceschi-

nelli and Bawa 2000). Mate density is usually

measured as the distance among conspecific plants

(e.g. Hodgins and Barrett 2006), because the distance

to the nearest neighbours and conspecific density

around plants are expected to be negatively correlated

due to the pattern of spatial aggregation of individuals,

from sparse to clumped (Garcı́a et al. 2005). Thus, the

distance to the nearest neighbour has been reported as

a good predictor of mating patterns in some wind-

pollinated (Robledo-Arnuncio and Gil 2005) and

animal-pollinated species (Oddou-Muratorio et al.

2006).

Such spatial distribution of individual plants

within a population can influence not only the

quantity, but also the quality of matings among them.

For example, Jordano and Godoy (2002) detected a

higher genetic similarity among Prunus mahaleb

trees located up to 20 m apart, which they attributed

to the seed rain pattern. As these authors showed, the

distance among neighbours (spatial distribution) is

associated with their level of genetic relatedness.

Consequently, biparental inbreeding (i.e. mating

among genetically related individuals) may increase

in dense patches of conspecific plants (Stacy et al.

1996; Hodgins and Barrett 2006).

In this study, we investigated within-population

mating pattern variation in Myrtus communis L.

(myrtle) under diverse situations of conspecific

neighbourhood, using naturally pollinated progeny

arrays. Myrtle is a self-compatible, hermaphroditic

and insect-pollinated Mediterranean shrub. During its

flowering peak (late spring to early summer), myrtle

dominates the entomophilous flora of the study sites,

providing an excellent model that avoids interference

from other local flowering species (see Garcı́a et al.

2005). Conspecific neighbourhoods of mother plants

sampled were characterized combining local density

and the distance to the nearest neighbour; thus,

incorporating the potential interactive effects of both

parameters on mating patterns. Specifically, (1) we

examined within-population heterogeneity in the

pollen pool at two spatial scales (sites and plants),

and (2) we sought to determine whether the variation

among plants in their conspecific neighbourhood

composition translated into differences in outcrossing

rates and biparental inbreeding. Given the scarcity of

data regarding the mating system in Mediterranean

woody species, we then examined the ecological

implications of these results in a Mediterranean

context.

Materials and methods

Study species

The myrtle is a common shrub in the Mediterranean

region. It grows up to 4 m in height, occurs in fertile

soils in low and warm habitats, and is the only

representative of the Myrtaceae in the flora of the

Mediterranean Basin. In southern Spain, it is a main

component of late successional forests of helm oak

(Quercus ilex subsp. ballota), cork oak (Q. suber),

and pine (mainly Pinus pinea and P. halepensis). The

flowers are white, have one style and multiple

stamens ([50), open in June–July, and are mainly

pollinated by bees and flies (González-Varo et al.

unpublished). The myrtle fruit is a multi-seeded berry

that is dark-blue when fully matures in November. In

the study area, berries contain an average (±SD) of

5.6 (±3.2) seeds (n = 620 fruits from 31 plants).

Frugivorous passerine birds and some mammals

(belonging to Order Carnivora) are the most impor-

tant seed dispersal vectors (Traveset et al. 2001).

Although self-compatibility in myrtle has been

inferred from hand-pollination experiments (Mulas

and Fadda 2004; González-Varo et al. unpublished),

no study has assessed the myrtle mating system in

wild populations.

Study area

The study area is located close to the Doñana National

Park in the Guadalquivir River Valley (south-western

Spain) and is 20–30 m above sea level. The study

focused on two forest stands less than 1.5 km apart

(Fig. 1), with myrtle abundances higher than many
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other locations surveyed in the region (González-

Varo, unpublished data). On the basis of the proximity

and physiognomic similarity among stands, we con-

sidered the myrtles in these stands to be a single large

population growing at two different sites (see below).

Both stands are mixed forests of stone pine

(P. pinea), cork oak (Q. suber) and helm oak (Q. ilex

subsp. ballota), and cover areas of 244 (VMQ1) and

87 (VMQ2) hectares. The shrub cover is 23% in

VMQ1 and 25% VMQ2, and the most common

species in the shrub layer are Cistus salvifolius,

M. communis, Pistacia lentiscus, Rosmarinus offici-

nalis and Genista hirsuta.

The number of reproductive adult myrtles within

each stand, estimated by extrapolating myrtle densi-

ties, was approximately 8,900 individuals in VMQ1

and 2,100 in VMQ2. The myrtle density in each stand

(36.7 and 24.2 individuals/ha, respectively) was

obtained by counting all adult plants within a 10-m

sampling band on either side of each of 10 linear

transects (500 m) randomly located within each

forest stand (the total area covered in each stand

was 10 ha). We used a GPS to measure the 500 m

transect length, and a laser distance meter (Leica

DISTOTM A3) to determine whether individual

myrtle plants were within the 20 m sampling band.

Neighbourhood characterization

Within each forest, stand myrtle shrubs can occur

with different levels of local aggregation tending to

clump more when growing in moist soils or in less

managed areas. In autumn 2006, we marked 28

individual plants (16 in VMQ1 and 12 in VMQ2) that

differed in the apparent level of aggregation than

other conspecifics. Whereas the shortest distance

between both sites is 1,302 m, distance between

marked individuals range between 35 and 887 m

within each one. For each marked individual, we

measured two neighbourhood variables: the distance

to the nearest neighbour (NEAREST) and the number

of myrtles within a 15 m radius (DENSITY). We

chose a 15 m radius because it was the longest

distance that allowed an unbiased measurement of

DENSITY in the densest patches of shrub vegetation.

In order to integrate both measurements in a single

metric, we developed an individual conspecific

neighbourhood index (Cn), expressed as

Cn ¼ ð1þ DENSITYÞ=NEAREST:

Cn values increase as the local density increases and

the distance to the nearest neighbour decreases (see

an analogous index in Ivey and Wyatt 1999). Note

G u a d a l q u i v i r r i v e r
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Fig. 1 Geographic location

of the study area in the

south-west Iberian

Peninsula. The white area

represents the Guadalquivir

River Valley, where the

remaining woodland

habitats are shown in black;

mountain and protected

areas are shaded grey. The

inset illustration shows the

two forest stands of the

study in black and other

woodland habitats in grey
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that this index depends on the radius used in

measuring the local density, and only Cn values

calculated using the same radius could be compared

(15 m in this study). From the Cn values obtained, we

classified the plants sampled into four neighbourhood

groups: high (H), mid-high (MH), mid-low (ML) and

low (L) (see Table 1), based on the threshold values

provided by the inter-quartile range of the distribu-

tion of Cn values. Each group consisted of seven

mother plants.

Sampling and genotyping of progeny

We collected 20 fruits from throughout the entire

canopy of each of the 28 marked plants. We

performed allozyme analysis of the progeny arrays

using horizontal starch gel electrophoresis; only one

seed per fruit was used, to avoid the effects of

correlated mating in single pollination events.

Twenty myrtle seeds per mother plant were germi-

nated on distilled water-saturated filter paper in Petri

dishes. Germination of myrtle seeds is rapid in Petri

dishes, and germination rates are very high (Traveset

et al. 2001). We obtained germination rates well over

90%, if seeds were not fungus infected. Emergent

seedlings were crushed in four drops of extraction

buffer (Werth 1975) and the resulting homogenates

were absorbed on chromatography paper wicks

(Whatman, 3 mm) and stored at -80�C until elec-

trophoresed. Electrophoresis was carried out in 9%

starch gels, following the general protocols of

Wendel and Weeden (1989) and the staining recipes

of Soltis et al. (1983). We initially screened for 14

enzyme systems that have been previously assessed

in adult myrtle leaves in our laboratory. However,

only four produced reproducible and consistent bands

that could be scored following electrophoresis of

seedling extracts. A histidine-citrate gel with an

electrode buffer at pH 6.5 was used to resolve

isocitrate dehydrogenase (Idh-2, EC 1.1.1.41), phos-

phoglucomutase (Pgm-1, EC 5.4.2.2), uridine

diphosphoglucose pyrophosphorilase (Ugpp-2, EC

2.7.7.9) and phosphoglucoisomerase (Pgi-2, EC

5.3.1.9). We found a total of 11 alleles: two in each

of the Idh-2 and Pgm-1 loci, three in the Ugpp-2

locus, and four in the Pgi-2 locus. Overall, multilocus

allozyme profiles were generated for 426 seedlings

(9–20 per family; mean ± SD = 15.2 ± 2.6), 229

from VMQ1 and 197 from VMQ2.

Scales of pollen pool variation

In order to examine heterogeneity in allele frequency

of pollen pools between the two sampled forest stands

(two sites), and among mother plants nested within

them, we performed a two-level analysis (UST and

UFS, respectively) of the molecular variance (AM-

OVA). To perform an AMOVA with respect to the

male gametes (i.e. pollen that had sired a mother), the

female contribution derived from the mother geno-

types was subtracted from the diploid multilocus

genotypes of the seedlings. The AMOVA was

performed with GenAlEx 6.0 (Peakall and Smouse

2006).

Analysis of mating patterns

Mating patterns in each neighbourhood group were

characterized by three mating variables: multilocus

outcrossing rates (tm), biparental inbreeding (tm - ts;

ts being the average of single locus outcrossing rates)

and correlated paternity (rp), defined as the propor-

tion of progeny sired by the same father. Methods

for obtaining mating estimates at the individual

Table 1 Mean values (±SD) of NEAREST (distance to the nearest adult myrtle) and DENSITY (number of myrtles within a 15 m

radius) for each Cn neighbourhood group

Neighbourhood group Quartile range (Cn) Cn values NEAREST DENSITY n (n1/n2)

H (high) Q75–Q100 [4.3 1.6 ± 0.8 12.0 ± 5.2 7 (5/2)

MH (mid-high) Q50–Q25 0.93–4.3 4.0 ± 2.3 4.6 ± 1.3 7 (5/2)

ML (mid-low) Q25–Q50 0.22–0.93 8.8 ± 3.5 3.0 ± 1.7 7 (3/4)

L (low) Q0–Q25 \0.22 26.1 ± 12.9 0.14 ± 0.4 7 (3/4)

n = sample size for each group; values in parentheses indicate the number of mother plants sampled in VMQ1 and VMQ2 forests (n1

and n2, respectively)
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plant-level are usually inaccurate (Ivey and Wyatt

1999). We sought individual estimates of outcrossing

rates using the method of moments, available in the

software MLTR v 3.0 (Ritland 2002), but the results

included many negative estimates and values of

tm [ 1, and high error values. A larger sample both of

seeds per progeny and loci would be needed to obtain

reliable individual estimates (see also Garcı́a et al.

2005). For this reason, mating variables (tm, tm - ts
and rp) were estimated at the neighbourhood group

level using MLTR v 3.0 (Ritland 2002), pooling the

four groups in the same analysis; thus, providing

equal allele frequencies to every group. We also

calculated the number of effective pollen donors, as

Nep = 1/rp, for each group. We used the Newton–

Raphson algorithm since missing data in our data set

were infrequent. As in the AMOVA (see above), the

female contribution derived from the mother geno-

types was subtracted from the diploid multilocus

genotypes of the seedlings. The errors for estimates

were obtained by bootstrap methods (setting 1,000

replicates), with families as the unit of re-sampling.

As the errors did not fit a normal distribution, the

occurrence of significant differences among neigh-

bourhood groups in the mating estimates was tested

with a Kruskal–Wallis ANOVA. Significant differ-

ences between pairs of neighbourhood groups were

tested with the Nemenyi multiple comparisons test, a

non-parametric Tukey-type test (Zar 1999).

Results

Spatial distribution of conspecific neighbours

The average distance to the nearest conspecific plant

(NEAREST) for the 28 marked plants was 10.1 m

(range 0.3–50 m), while the average density of

conspecifics (DENSITY) within the 15 m radius

was 4.9 individuals (range 0–20 individuals). The

average values (±SD) of NEAREST and DENSITY

for each neighbourhood group (based on the Cn

index) are shown in Table 1. NEAREST and DEN-

SITY were negatively correlated in a logarithmic

fashion (see Fig. 2), with the Pearson’s correlation

coefficient between log-NEAREST and log-DEN-

SITY being highly significant (r = -0.64; n = 28,

P \ 0.001).

Scales of pollen pool variation

Although significant, pollen pool genetic differenti-

ation between sites (forest stands) was close to zero,

accounting for just *2% (UST = 0.022; P \ 0.002)

of the molecular variance and indicating that the

pollen cloud received by mother plants in both forest

stands had nearly the same genetic composition for

the loci analysed. However, a considerable amount of

genetic difference (*21%) was detected among

pollen pools received by each maternal plant

(UFS = 0.211; P \ 0.001), although most of the

genetic variation in the pollen clouds was attributable

to the within-mother plant level (77%).

Mating patterns

The estimate of average outcrossing rate (tm = 0.35)

for myrtle was significantly different from a tm = 1

(95% CI = 0.21, 0.50; n = 4 groups). Among neigh-

bourhood groups, outcrossing rates (tm) ranged from

0.26 to 0.45, indicating the high prevalence of selfing

in myrtle. Both outcrossing rates (K–W test;

v2
3 ¼ 867, P \ 0.001) and biparental inbreeding

(K–W test; v2
3 ¼ 572, P \ 0.001) were significantly

different among neighbourhood groups. There was a

marked trend to higher levels of outcrossing from the

lowest (group L) to the highest (group H) degree of

conspecific aggregation (Table 2). Thus, selfing was

higher for sparse and isolated plants lacking close

neighbours in the landscape. Biparental inbreeding

was low (B3.2%), but significantly different from
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Fig. 2 Relationship between DENSITY (within a 15 m

radius) and NEAREST in the 28 mother plants studied. The

four types of symbols show the neighbourhood groups
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zero for all groups except group L (tm - ts = -

0.001; 95% CI = -0.003, 0.001). Correlated pater-

nity (rp) also differed significantly among groups (K–

W test; v2
3 ¼ 256, P \ 0.001) and was higher under

situations of high conspecific aggregation (groups

MH and H), indicating that a higher proportion of

progeny shared the same father in these groups

(Table 2).

Discussion

Mating patterns and conspecific neighbourhood

The pollen pool influencing the studied plants was

strongly structured at the individual plant level,

finding nearly no differences (*2%) between the

study sites. For example, the among-mother compo-

nent of variance found in myrtle (*21%) contrasts

with the almost 0% variance (UFS = -0.015)

reported by O’Connell et al. (2006) for the outcross-

ing and wind-pollinated conifer, Picea glauca. This

large difference can be explained by the high level of

selfing detected in myrtle (average s = 0.65;

s = 1 - tm). When most of the progeny is produced

by self-fertilization, the difference in the pollen pool

received by each mother plant is expected to be high

because of the particular genetic differences among

mothers. The opposite situation is expected when

outcrossing rates are high (close to 1) and correlated

paternity is low (i.e. the progeny is sired by many

fathers), diluting these particular differences among

mothers (e.g. O’Connell et al. 2006). Furthermore, in

myrtle, the among-mothers variation in the pollen

pool received was related to the conspecific neigh-

bourhood (Cn index), which was found to be a critical

factor in the outcrossing rate estimates, decreasing

nearly 50% (from 0.45 to 0.26) from more aggregated

to less aggregated plants. This means that isolated

plants received a smaller amount of xenogamous

pollen than aggregated ones. In self-compatible and

animal-pollinated species, the levels of cross polli-

nation, and consequently the outcrossing rates,

depend on the frequency of pollinator visitation and

foraging behaviour (Levin and Kerster 1969; Kunin

1997; Franceschinelli and Bawa 2000). During its

maximum flowering peak, myrtle is the most abun-

dant and almost the only flowering species in the

study sites. A single myrtle shrub can simultaneously

have several thousand open flowers; so in a situation

of high conspecific aggregation, strongly clumped

patches can act as large floral displays that are

attractive to pollinators (Kunin 1997). However, for

isolated myrtle shrubs, the large quantity of flowers

produced by a single plant may favour pollinators

spending more time moving among flowers within

the same individual, favouring geitonogamy. In fact,

honeybees Apis mellifera and other hymenopterans,

such as Amegilla quadrifasciata, Colletes fodiens or

Megachile pilidens, have been frequently observed

foraging on different flowers on the same plant during

several minutes (González-Varo et al. unpublished).

Based on optimal foraging behaviour, it is expected

that self-pollination occurs more frequently in more

isolated plants, where pollinators stay longer visiting

flowers within the same individual because of the

higher energetic cost of travelling to another plant

(Charnov 1976).

Levels of genetic relatedness are associated with

conspecific aggregation (Vekemans and Hardy 2004).

Nevertheless, pollen dispersal distance is expected to

be greater for isolated plants because pollinator

foraging distances are generally negatively correlated

with plant density (Levin and Kerster 1969). In a

Table 2 Estimates (±SD) for tm (multilocus outcrossing rates), tm - ts (biparental inbreeding) and rp (correlated paternity) of each

neighbourhood group

Neighbourhood group n tm tm - ts rp Nep

H (high) 106 0.454 (0.171)a 0.026 (0.028)b 0.281 (0.486)a 3.6

MH (mid-high) 106 0.404 (0.121)b 0.029 (0.036)b 0.379 (0.488)a 2.6

ML (mid-low) 104 0.293 (0.132)c 0.032 (0.025)a 0.175 (0.443)b 5.7

L (low) 110 0.263 (0.086)d -0.001 (0.026)c 0.097 (0.477)c 10.3

The number of effective pollen donors (Nep = 1/rp) is also showed. n = number of seedlings sampled

Different letters indicate significant differences between neighbourhood groups (P \ 0.05, Nemenyi test)
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study of pollen dispersal in three insect-pollinated

tropical tree species, Stacy et al. (1996) found that for

sparse and isolated flowering trees pollen came from

at least several hundred metres away, far beyond

nearest neighbours. Conversely, where trees were

clumped they found most mating occurred among

near neighbours. Oddou-Muratorio et al. (2006) also

found that the progeny of isolated trees of the

obligate outcrossing species Sorbus torminalis

derived from higher rates of long-distance pollen

dispersal, were genetically more diverse, and were

sired by a higher number of fathers also displaying

low genetic relatedness. Interestingly, in myrtle, the

lowest levels of biparental inbreeding and correlated

paternity were found in the group of most isolated

plants (group L), indicating that despite these plants

had low outcrossing rates, they crossed with more

and less genetically related fathers. Although the

limitations of Ritland’s method for accurate estima-

tion of rp have been questioned (see Fernández-

Manjarrés et al. 2006), the pattern of correlated

paternity found in myrtle was consistent with the

patterns of conspecific aggregation. Therefore, out-

crossing in isolated individual plants may represent

an important source of genotypic variation in the

population (Oddou-Muratorio et al. 2006): a mother

plant not only bears fruits to disperse by frugivores,

but also genotypes (Jordano and Godoy 2002),

reinforcing that the patterns of pollen and seed

dispersal originate patterns of spatial genetic struc-

ture (Vekemans and Hardy 2004).

A mixed mating system in Myrtus communis

Our estimates of outcrossing indicated that the myrtle

has a mixed mating system (0.2 \ tm \ 0.8; see

Vogler and Kalisz 2001) with a large proportion of

selfing events. The average outcrossing rate was 0.35,

indicating that 65% of the progeny were produced by

self-fertilization, which is also common in other

animal-pollinated tropical woody Myrtaceae (e.g.

Yates et al. 2006; Schmidt-Adam et al. 2000).

Most research about mating systems in animal-

pollinated species has been conducted in tropical tree

species, which even at low densities, show a

predominance of outcrossing (tm [ 0.80; Ward et al.

2005). However, in temperate zones most studies

have focused in wind-pollinated trees (mainly coni-

fers and oaks; e.g. Robledo-Arnuncio and Gil 2005;

Fernández-Manjarrés et al. 2006). M. communis is an

animal-pollinated species belonging to a pre-medi-

terranean lineage (Herrera 1992), and in this study,

we can report a low frequency of outcrossing even

under the highest conspecific abundance. The Med-

iterranean basin, as a whole, and the Guadalquivir

River Valley, in particular, can be considered an

example of historical climate change and intensive

human management (Grove and Rackham 2001;

Aparicio 2008). Here, myrtle persists in small

populations within forest patches embedded in a

highly agricultural matrix (Albaladejo et al. 2008).

So, a mixed mating system, strongly determined by

the availability of mates (density-dependent), may be

advantageous (see Goodwillie et al. 2005), reducing

pollen limitation and providing reproductive assur-

ance (Kalisz et al. 2004). In fact, seed production in

myrtle can be more pollen limited in quantity than in

quality (i.e. self vs. cross) (González-Varo et al.

unpublished).

Conclusions

Habitat heterogeneity (including topography, micro-

habitat and perturbations) generates non-uniform

spatial distributions of plants, which ultimately

affects individual mating patterns. Our study provides

a clear demonstration that habitat heterogeneity

influences progeny diversity and relatedness through

a positive relation between conspecific aggregation

and outcrossing rates. These results are consistent

with the findings of previous studies demonstrating a

positive relationship between plant density and

outcrossing rates and variation in mating patterns

among individuals, and contribute to the growing

body of empirical data that will enable generaliza-

tions to be made. Furthermore, our study also

contributes to filling existing gaps in the knowledge

of mating systems within Mediterranean ecosystems.
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