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Mating systems are in¯uenced by several ecological factors, including plant density, number of
¯owers per plant, and pollinator movements. In this study, we investigated the simultaneous e�ects of
these three factors on the mating system of a self-compatible Brazilian shrub species: Helicteres
brevispira St. Hil. Outcrossing rate is directly correlated with plant density. Changes in the number of
¯owers per plant a�ect outcrossing rate through their e�ect on the density of ¯owers. Variation in
foraging behaviour of hummingbird pollinators is a consequence of the interaction between plant
density and number of ¯owers per plant. Territorialist pollinators are common in high density areas
but visit few ¯owers on each plant, thereby promoting outcrossing. In areas of low plant density,
trapliners and rare territorialists visit several ¯owers per plant, thus increasing sel®ng. Our results
indicate that outcrossing rate is a dynamic parameter, with the extent of variation depending on
a number of ecological factors. In successional species such as those in the genus Helicteres,
demographic changes may be accompanied by alterations in mating system parameters, with
concomitant e�ects on the genetic structure of populations.

Keywords: ¯ower density, Helicteres, mating system, outcrossing rate, plant density, pollinator
behaviour.

Introduction

Mating systems in plants can be in¯uenced by several
ecological factors. Wright (1946) demonstrated theoret-
ically that inbreeding is inversely correlated with plant
density and gene dispersal, if mating within neighbour-
hoods is random. As density increases, the e�ective
number of reproducing individuals inside the neigh-
bourhood areas also increases, as does the outcrossing
rate. This is particularly true in plant species pollinated
by animals, because pollinators tend to ¯y to the closest
neighbour and most of the pollen is exchanged among
neighbouring plants (Levin, 1986; Parra et al., 1993;
Boshier et al., 1995; Stacy et al., 1996).

Several authors have suggested that high concentra-
tion of rewards in space may enhance pollinator activity
between plants and thus pollen ¯ow (e.g. Ausgspurger,
1980; Wyatt, 1980; Gerber, 1985). Others have suggested
that this concentration may restrict pollinator move-
ment and gene ¯ow between plants and within popula-
tions (e.g. Linhart, 1973; Feinsinger, 1978; Schmitt,
1983; Stacy et al., 1996). Species with di�erent spatial

patterns of ¯oral rewards can also attract guilds of
pollinators with distinct foraging strategies. For exam-
ple, Linhart (1973) and Feinsinger (1978) found that
species that produce few ¯owers per plant attract
trapliner hummingbirds (which visit sequentially the
same plants over a wide geographical area), whereas
species that produce many ¯owers per plant are pollin-
ated by territorial hummingbirds (which visit and defend
¯owering plants that are within their feeding territories).
These authors have suggested that traplining and
foraging over long distances should promote outcross-
ing, but that territorial foraging should result in
inbreeding (see also Baker, 1973; Murawski, 1987,
1995). However, most studies that compare plant
density and outcrossing rate support Wright's (1946)
conclusion that there should be a positive correlation
between these two parameters (Farris & Mitton, 1984;
Burdon et al., 1988; Wol� et al., 1988; Murawski et al.,
1990, 1994; Murawski & Hamrick, 1991, 1992a,b; van
Treuren et al., 1993). Some authors have also suggested
that plant size is an important factor in the relationship
between outcrossing rate and plant density (Burdon
et al., 1988; Wol� et al., 1988). Large shrubs and herbs
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produce more ¯owers in low than in high-density
situations. The pollinators may thus be induced to visit
a higher number of ¯owers per plant in populations that
are less dense thereby increasing the probability of
sel®ng (Crawford, 1984).
Although the e�ects of density and pollinator behav-

iour on mating systems have been examined before
(Barret et al., 1994; Karron et al., 1995), no study has
simultaneously considered the e�ects of plant density,
¯ower number and pollinator behaviour on outcrossing
rate. Helicteres brevispira St. Hil. is a very suitable
species for this kind of study, because it is pollinated by
territorial or traplining hummingbirds, depending
apparently on the plant density and number of ¯owers
per plant (Franceschinelli, 1989). Speci®cally, we ad-
dress the following three questions. (i) What is the e�ect
of plant density on the rate of outcrossing? (ii) How does
the ¯ower number per plant in¯uence outcrossing? (iii)
What is the e�ect of traplining and territorial foraging
behaviour on the mating system?

Materials and methods

Study site and species

The ®eldwork was conducted at the Mogi GuacË uÂ
Ecological Reserve (22°18¢S, 47°13¢W), in SaÄ o Paulo
State, Brazil. This reserve comprises 980 ha of riparian
semideciduous forest and savanna vegetation.
Helicteres brevispira is a shrub or small tree, up to 7 m

tall. It is a common species in the transition from the
semideciduous forest to savanna in central and south-
eastern Brazil. The plants have a clustered distribution
in open areas and are linear or random on the forest
edge. Franceschinelli (1989) showed that ¯owering
among plants is synchronous, occurs after the ®rst rains
of the spring (in the ®rst or second week of September),
and lasts only one month. A few plants may have their
¯owering peak at a di�erent time from the rest of the
population. The number of ¯owers varies with the size
of the plant. Large plants may bear 80±300 ¯owers a day
and small ones, one to 30. Most plants are of medium
size (2±3 m tall) and produce 30±80 ¯owers a day. The
fruits are small capsules (3±4 cm length) with 20±60
seeds. At the study site this species is pollinated by the
hummingbirds Chlorostilbon aureoventris and Amazilia
lactea (Franceschinelli, 1989).
Helicteres brevispira is self-compatible (Franceschi-

nelli, 1989), which indicates that this species may have a
mixed-mating system; this is the main assumption of the
method used here for calculating the outcrossing rate.
Other assumptions of Ritland's mixed-mating model
(Ritland & Jain, 1981; Ritland, 1990) are: (i) all
maternal genotypes outcross at the same rate to a

homogeneous pollen pool; (ii) alleles at di�erent loci
segregate independently; (iii) each locus is at Hardy±
Weinberg equilibrium; and (iv) the genetic markers are
not a�ected by selection or mutation between pollin-
ation and the time of progeny census.

Effect of plant density on outcrossing rate

A population of H. brevispira (with 325 ¯owering
plants) was mapped. Areas with di�erent plant densities
were distinguished. For analysis of outcrossing rates
and their ecological correlates, two high- and two low-
density areas were sampled (Fig. 1).
Leaves and fruits for the mating system analyses were

collected from every ¯owering plant in the sampled
areas during the fruiting season of 1993 (fruits from the
¯owering period of 1992). Seeds from individual plants
were kept separated to calculate outcrossing rate for
each plant. Because of problems with the germination of
the seeds, not every sampled plant was included in the
mating system analysis. The ®nal sample size is shown in
Table 1 and the sampled plants are marked in Fig. 1.

Effect of number of ¯owers per plant
on outcrossing rate

Flower numbers for 34 of the sampled plants were
counted every week over three consecutive weeks during
the peak ¯owering period of 1992. The ¯ower number per
plant is de®ned here as themean over the counting period.
A correlation analysis was carried out to determine if

outcrossing rate decreases as the number of ¯owers per
plant increases. An analysis of covariance was perform-
ed to determine if the variation in outcrossing rates
within each density area was in¯uenced by the number
of ¯owers per plant. The covariates in the di�erent plant
density groups were outcrossing rate of each plant and
¯ower number per plant.

Effect of plant density and number of ¯owers
per plant on pollinator movements

Data on pollinator movements among and within plants
were collected within the sampled areas during the peak
¯owering period of 1992. Every morning one humming-
bird was marked with a coloured ring and the following
data were collected for the plants visited by these marked
pollinators: (i) the number of ¯owers visited per plant;
(ii) the number of times a pollinator visited one plant
in 2 h; (iii) the number of plants visited during 2 h. Data
for high- and low-density areas were collected on
alternate days. The ¯ower number of each visited tree
was counted on the day the data on pollinator behav-
iour were collected. The behaviour of each observed
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pollinator was classi®ed either as traplining or territori-
alist according to Feinsinger & Colwell (1978).

Electrophoresis

Isozyme genetic markers were used for the mating
system analyses. Sample sizes are in Table 1. Seeds

were soaked in hot water at 70°C to break dormancy,
and were germinated in the glasshouse. When the
seedlings had three to four pairs of leaves, they were
ground in liquid nitrogen and stained following the
techniques of O'Malley et al. (1980). Electrophoretic
procedures were as used by Franceschinelli & Kesseli
(1999).

Fig. 1 Map of the population of Helicteres brevispira and the sampled plants.

Table 1 Multilocus and average single-locus outcrossing rates for Helicteres brevispira

Outcrossing rate

Sampled area Density average (SD) N Multilocus tm (SD) Single-locus ts (SD) tm ) ts (SD) F

Low 1 2 (1.3) 10 (311) 0.478 (0.039) 0.445 (0.038) 0.033 (0.017) 0.049
Low 2 8.6 (2.2) 9 (280) 0.490 (0.045) 0.484 (0.048) 0.006 (0.017) )0.233
High 1 42 (12) 13 (348) 0.676 (0.06) 0.644 (0.054) 0.032 (0.018) 0.003
High 2 32 (1) 9 (300) 0.646 (0.05) 0.635 (0.053) 0.011 (0.014) )0.268

The density of each area is the average number of neighbouring plants within a 10 m radius of the sampled plants. F is the average
single-locus inbreeding coe�cient of maternal parents. N is the number of sampled plants, with number of seeds in parentheses.
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Loci banding patterns were consistent with typical
subunit structures (Weeden & Wendel, 1989). Polymor-
phic loci conformed to Mendelian expectations for
segregation in the analysed progeny arrays. The mating
system analysis used six polymorphic loci: uridine
diphosphoglucomutase pyrophosphorylase (Ugpp),
isocitrate dehydrogenase (Idh), glucose-6-phosphate
isomerase (Gpi), triose-phosphate isomerase (Tpi), and
6-phosphogluconate dehydrogenase (6 pg).

Data analysis

Mating systems were analysed by examining the segre-
gation patterns of allozymes in the open-pollinated
progenies. Ritland's multilocus mixed-mating model
(Ritland & Jain, 1981; Ritland, 1990) was used to
estimate the following parameters: (i) tm and ts, the
multilocus and average single-locus outcrossing rates
(calculated by the Newton±Raphson method); (ii) F, the
average single-locus inbreeding coe�cient of maternal
parents. These estimates were computed for the four
density areas separately. Multilocus outcrossing rate (tm)
was also calculated for each family. Here, pollen allele
frequencies were ®xed at the population estimates.
Variances of the above estimates were obtained using
bootstrap methods (Ritland & Jain, 1981), where the unit
of resampling was the individual seedling. Bootstrapping
was repeated 100 times. Deviations of the progeny
genotype frequencies from model expectations were
tested using the single-locus chi-squared goodness of ®t
of tm to the data. As suggested byRitland (1996), loci with
highly signi®cant chi-squared values were excluded from
the multilocus estimates (see below). The MLTMLT software
(Ritland, 1990) was used for all these estimations.

Results

Mating system and plant density

In the mating system analyses for the di�erent density
areas, the chi-squared test was highly signi®cant
(P < 0.01) only for 6 pg-2 in low density area 1. All
other loci ®tted the model assumptions. The multilocus
outcrossing rates for high-density areas 1 and 2
(tm� 0.676 and 0.646, respectively) were higher and
statistically di�erent (chi-squared test, P < 0.001) from
those for low density areas 1 and 2 (tm� 0.478 and
0.490, respectively) (Table 1). The single-locus outcross-
ing rate was lower than the multilocus for each density
area, but not signi®cantly di�erent, except for the low-
density area 1 (Table 1). Low density area 1 also had the
highest ®xation index (F). The ®xation index was very
low in high-density area 1, and negative in high-density
area 2 and low density area 2.

Number of ¯owers per plant and outcrossing rate

The analysis of covariance showed that number of
¯owers per plant did not in¯uence the outcrossing rate
in the sampled areas (N� 32, P < 0.1) (Fig. 2).

Pollinator movements vs. plant density

In low density areas, most hummingbirds were acting as
trapliners, visiting the same plants over long distances.
Five trapliners (Chlorostilbon aureoventris females) were
marked in low-density areas. Two other marked hum-
mingbirds (C. aureoventris female and Amazilia lactea of
unknown sex) were acting as generalists, because they
rarely returned to the H. brevispira plants and were also
visiting plants of other species. We could monitor 17
plants visited by trapliners and generalists in low density
areas but we could not follow these trapliners to count
the number of plants visited by them, because they ¯ew
over long distances among plants. Two birds (Amazilia
lactea and Chlorostilbon aureoventris male) were defend-
ing three large trees with many ¯owers, showing
territorial behaviour. Territorialists and trapliners visited
similar numbers of ¯owers per plant in low-density
areas, but territorialists visited the same plant more
often than trapliners (t-test, P < 0.01) (Table 2).
Territorialism was more common in high-density

areas. Seven hummingbirds and 38 plants were monit-
ored in high density areas and all seven hummingbirds

Fig. 2 Relationship between number of ¯owers per plant and

outcrossing rate in Helicteres brevispira (r�)0.03, N� 35,
P > 0.8).
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defended feeding territories (three Chlorostilbon aureo-
ventris male and four Amazilia lactea of unknown sex).
At high density, the average number of plants in each
territory was 12 (SD� 2.0).

Hummingbirds visited signi®cantly fewer ¯owers per
plant in high than in low-density areas (t-test, P < 0.01;
Table 2). Therefore, the number of ¯owers visited per
plant declined with increasing plant density (Fig. 3).

Discussion

The multilocus outcrossing rate ranged from 0.478 to
0.676 for H. brevispira. These values are lower than the
average values (average tm� 0.815, SD� 0.038) found
for other tropical plant species (Murawski, 1995). Few
species, such as Cavanillesia platanifolia (tm� 0.213±
0.569), Ceiba pentandra (tm� 0.661) and Eucalyptus
rhodantha (tm� 0.59±0.65), have a similar or lower tm
than H. brevispira. Sel®ng has been considered as a
strategy to insure successful reproduction when exchange
of pollen between plants is di�cult, as in low plant-
density areas (LefeÁ vre, 1970; Allard, 1975). For colo-
nizing species such as H. brevispira, sel®ng could be an
important strategy for occupying open areas.

There was no signi®cant di�erence between single- and
multilocus estimates in the sampled areas ofH. brevispira
(Table 1). This indicates a lack of consanguineous
mating. However, some authors have argued that the
di�erence between these two estimates gives little indica-
tion of biparental inbreeding (Ritland, 1985; Coates &
Sokolowski, 1992). There are also indications that this
population is substructured (Franceschinelli & Kesseli,
1999). Substructuring could have induced biparental
inbreeding and high ®xation index (F ) in this population.

Outcrossing rate vs. plant density

Outcrossing rate was greater in high- than in low-density
areas (Table 1). This result agrees with most of the
studies that correlate outcrossing rate and plant density
(Farris & Mitton, 1984; Burdon et al., 1988; Wol� et al.,
1988; Murawski et al., 1990; Murawski & Hamrick,
1991, 1992a,b; van Treuren et al., 1993), and does not
support the assumption that traplining pollinators al-
ways enhance pollen ¯owwhereas territorialists reduce it.

Four factors may explain the positive association
between plant density and outcrossing rate. The ®rst and
probably the most important is that plant density is
inversely related to the number of ¯owers visited per
plant (Fig. 3). At low plant densities, pollinators (trap-
liner or territorialist) visited higher numbers of ¯owers
per plant, which increased the possibility of sel®ng in
this self-compatible species. Secondly, in high-density
areas, the territorial pollinators visited several plants
within their territories and left their territories to visit
other plants (1±8 plants) a few times a day. This allowed
high pollen ¯ow and outcrossing among plants in high
density areas. Thirdly, territorialists in high-density
areas returned to the same plant more often than did
trapliners in low density areas (Table 2). This can
increase outcrossing if pollen carry-over is not very
large. Frequent visits to several plants in a short time is
a common behaviour for a territorial pollinator when

Table 2 Data on pollinator behaviour for Helicteres
brevispira. Mean values and standard deviations were
calculated for the following types of data: (i) the number of
¯owers visited per plant; and (ii) the number of times a
pollinator visits a plant in 2 h. Sample size (number of
plants) is in parentheses. See text for more details on data
collection and results

Low densities

Type
of data

Trapliner/
generalist Territorialist

High densities
Territorialist

(i) 12 � 4.4 (17) 10.4 � 3.5 (6) 3.3 � 0.6 (38)
(ii) 2.3 � 0.8 (17) 6 � 1.8 (6) 4.5 � 1.1 (38)

Fig. 3 Relationship between plant density and average num-
ber of visited ¯owers during each pollinator visit to a plant of

Helicteres brevispira. Plant density is the number of neigh-
bouring plants within a 10-m radius of each sampled plant.
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plant density is high, because it has to mark all the
plants of its territory and defend them from intruders
(Stiles & Wolf, 1970; Pyke, 1981). On the other hand, it
is expected that trapliners should visit as many ¯owers
as they can on one plant in a low plant-density area,
because they do not defend territory and have to travel
long distances between plants (Pyke, 1981; Waddington,
1983). Fourthly, in high-density areas, plants are often
smaller and very close to each other and have branches
intermingled with other plants (Franceschinelli, pers.
obs.). This factor facilitates the exchange of pollen
among plants, as was suggested by Burdon et al. (1988)
for Echium plantagineum.

Outcrossing rate vs. number of ¯owers per plant

The outcrossing rates and the numbers of ¯owers per
plant were not correlated (r� 0.13, N� 32, P > 0.1).
The increase in number of ¯owers per plant did not
signi®cantly change the outcrossing rate at the plant
level. The e�ect of plant density on outcrossing rate in
H. brevispira does not seem to interfere with the
interaction between number of ¯owers and outcrossing
rate, because the covariance analysis was not signi®-
cant.
This lack of relationship between outcrossing rate

and the number of ¯owers per plant may result from
the variation in the foraging strategies of territorial and
traplining hummingbirds arising from changes in plant
densities. The territorialists visited few ¯owers of each
plant in high-density patches, regardless of the number
of ¯owers on the visited plant. Also, the few large
plants in high-density areas often had their branches
intermingled with the other plants, which, as men-
tioned before could facilitate cross-pollination. Thus, in
high-density areas both large and small plants are
likely to be more outcrossed than in low-density areas
because of pollinator behaviour and proximity of
plants.
In low-density areas, the territorialists, as well as the

trapliners, visited several ¯owers per plant. Here,
pollinator territories had only one or a few large plants.
We observed two large plants in low-density areas,
which were visited by territorial hummingbirds (not
marked) late in the ¯owering season when other plants
did not have many open ¯owers. Both plants had very
low outcrossing rates that year (0.24, SD� 0.09, and
zero). On the other hand, two other large plants in low-
density areas visited by territorialists (marked) during
the peak of the ¯owering season had higher outcrossing
rates (0.64, SD� 0.18 and 0.41, SD� 0.21) than the ®rst
two. The pollinators of these last two plants visited three
plants within their territories and a few others outside.
The increased movement could have increased pollen

¯ow among plants and consequently the outcrossing
rates.

Conclusions

Overall, our results lead to four important conclusions.
First, plant density is the most important determinant of
outcrossing rate in H. brevispira. It regulates the
outcrossing rate of a population, regardless of pollinator
behaviour and the number of ¯owers per plant.
Secondly, variation in pollinator foraging behaviour is
a consequence of the interaction between plant density
and number of ¯owers per plant. Thirdly, the number of
¯owers per plant by itself may not a�ect outcrossing rate
but may interact with plant density and pollinator
behaviour to in¯uence the outcrossing rate of individual
plants. Fourthly, the mating system in H. brevispira is
dynamic, with a variable rate of outcrossing among
individuals and subpopulations. Helicteres brevispira is
a colonizing species and sel®ng must guarantee the
production of fruits when plants are at low density, as at
the edge of the gallery forests. In an open area, these
plants may occur at high density and the exchange of
pollen among plants may be high. Alternation of low
and high outcrossing rate may occur during di�erent
periods in the metapopulation, and a mixed-mating
system may be in equilibrium at the metapopulation
level. As shown by Franceschinelli & Kesseli (1999),
population substructure also changes with variation in
plant density. Thus, metapopulation dynamics may
involve changes in the genetic characteristics of popu-
lations. Ecological and genetic changes may together
determine the persistence and evolutionary fate of
populations.
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