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Abstract — It is assumed that oil bees in the tribe Centridini and oil flowers in the family Malpighiaceae have a
conservative evolutionary association, and it is postulated that they also have a tight ecological relationship.
Here, we test the hypothesis that variations in the availability of Malpighiaceae flowers affect the abundance
and richness of centridine bees. We measured oil availability and sampled bees on oil flowers of Byrsonima
sericea DC. (Malpighiaceae) in 12 localities (habitats), along the Northeastern Brazilian Atlantic coast. The
availability of floral oil was strongly correlated with richness and abundance of centridine bees. In contrast, no
significant correlation was observed between abundance and richness of centridine bees after excluding the
effect of oil abundance. We proposed that the asymmetry of density dependence is determining the observed

pattern of regional diversity for centridine bees.

bee diversity / Centridini / floral oil / habitat quality / Malpighiaceae

1. INTRODUCTION

Flowers of few plant families produce floral oil,
and only a few specialized bee groups collect and
use this resource to feed their larvae and to build
and protect their nests, creating a narrow associ-
ation between these plants and the specialized oil
bee groups that exploit them (Simpson and Neff
1981; Buchmann 1987; Vogel 1990; Steiner and
Whitehead 2002; Renner and Schaefer 2010).
Fossil records support the hypothesis that there is
a very early association between oil-producing
Malpighiaceae and centridine bees, beginning
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shortly after the appearance of both in northern
South America (e.g., Neff and Simpson 1981;
Taylor and Crepet 1987; Vogel 1990; Davis et al.
2002), and a subsequent long history of conser-
vative evolutionary interactions between the two
groups (Anderson 1979; Neff and Simpson 1981;
Vogel 1990; Renner and Schaefer 2010). Bees in
the tribe Centridini (Apidae) are adapted to
harvest oil from epithelial elaiophores, particu-
larly from flowers in the family Malpighiaceae
that comprise approximately 80% of the regional
oil-flower species (Anderson 1979; Joly 1977,
Neff and Simpson 1981; Buchmann 1987; Vogel
1990; Davis et al. 2002; Machado 2004). They
are the largest oil-collecting bee group and are
restricted to the neotropics (Vgel 1990; Silveira
et al. 2002; Machado 2004). In parallel, only the
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American lineages of Malpighiaceae have devel-
oped epithelial elaiophores (Buchmann 1987).

Recent field surveys in several vegetation types
in the Brazilian tropics support the hypothesis that
centridine bees are frequent and abundant visitors
of Malpighiaceae flowers (Ramalho and Silva
2002; Machado 2004). As a rule, these oil bees
are also the most effective and efficient pollinators
of Malpighiaceae species (e.g., Raw 1979; Barros
1992; Freitas et al. 1999; Teixeira and Machado
2000; Sigrist and Sazima 2004; Costa et al. 2006;
Régo and Albuquerque 2006), although this tight
ecological relationship is not mediated by species-
specific interactions and each species of Centridini
is often able to use several Malpighiaceae species
and vice versa (Simpson and Neff 1981;
Gottsberger 1986; Roubik 1989; Vogel 1990;
Machado 2004). Given the long evolutionary
association between these species, it is reasonable
to assume a strong reciprocal influence between
both groups in contemporary communities, and
variations in abundance and richness in one group
in this relationship are likely to have a direct
effect on the other (Ramalho and Silva 2002).

For decades, ecologists have been trying to
understand the relationship between the productiv-
ity of resources and the diversity of their consumers
(Abrams 1988, 1995; Owen 1988; Tilman 1993;
Rosenzweig and Abramsky 1993; Rosenzweig
1995; Waide et al. 1999; Mittelbach et al. 2001;
Partel et al. 2007). Most of these studies pointed
out that productivity may affect diversity, although
different mechanisms may be involved. A major
impediment to understanding the relationship
between resource availability and bee community
structure is that it is difficult to measure the
availability of floral resources for bees within
natural habitats, and consequently, few scientists
have attempted to do this (Buchmann 1987).

In the present study, we test the hypothesis
that the availability of floral oil from Mal-
pighiaceae affects the abundance and richness
of centridine bees. We tested this hypothesis
at a regional scale by comparing 12 sites
along the Northeastern Atlantic coast of
Brazil. We also discuss the role of resource
partitioning or asymmetric density dependence
as the underlying mechanisms regulating the
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relationship between habitat productivity and
Centridini diversity.

2. MATERIAL AND METHODS
2.1 Sampling design

We designed the study at a regional scale following
the spatial categories described by Waide et al. (1999),
selecting 12 sites along the Northeastern Atlantic coast
of Bahia, Brazil (Table 1.). The region’s once contig-
uous forests have been cleared and fragmented to make
way for agroforestry dominated by oil palm, rubber,
and cacao plantations and more recently for the
construction of infrastructure for a growing tourism
industry. Tropical forest fragments (Atlantic Forest)
still cover some of the low hills, plateaus, and
lowlands. An extensive shrubby-arboreal restinga
vegetation persists along the sandy coastal plain and
intermingles with low secondary forest and other
open disturbed vegetation, and it is mainly in these
vegetation remnants that we established our plots.

We consider each of thel2 sites as a sampling unit,
and we evaluated the availability of floral oil and the
richness and abundance of centridine bees in each one.
We chose Byrsonima sericea DC. (Malpighiaceae) as
the focal plant because: (1) a high diversity of Centridini
species visit its oil flowers (Machado 2004), even when
other oil flowers are available (e.g., Costa et al. 2006);
(2) it is one of the most abundant oil flowers along the
coastal plain, i.e., sand dunes and restingas (Ramalho
and Silva 2002; Costa et al. 2006); (3) while common
throughout, its population density varies between sites
(Ramalho and Silva 2002); and (4) it is likely that oil-
flower abundance rather than oil-flower diversity is
related to the variation in regional diversity of centridine
bees (Ramalho and Silva 2002), so choosing the most
abundant oil producer made logistic sense.

2.2 Measurements of floral oil availability

The mean and variance of floral oil availability were
estimated by sampling B. sericea in five random
quadrats of 0.2 ha (10020 m), in each plot. All
individual plants of B. sericea were counted in each of
the five quadrats/plot, and the quantity of floral oil was
estimated by multiplying the density of individual B.
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Table I. Description of habitats or sampling sites (z=12) in the Atlantic coast of Brazil.

Abbreviation Area (ha) Vegetation Municipal Geographical Observation

district coordinate

MSJ 300 Herbaceous-shrubby Mata de Sdo Jodo S 12°32'29.8”  Rural area
in sand dunes W 37°59'57.6"

C1 100 Herbaceous-shrubby Camagari S 12°47'58.8”  Rural area
in sand dunes W 38°12'56.1"

Cc2 60  Shrubby-arboreal Camacari S 12°46'34.28" Rural area
in restinga W 38°19'4.07"

Abaeté 180 Herbaceous-shrubby Salvador S 12°56'38.66" Urban area
in sand dunes W 38°21'32.91"

Pituagti 450  Shrubby-arboreal Salvador S 12°57'58.86"” Parque Metropolitano

W 38°24'41.88"  de Pituagt (urban area)

Stiep 20 Herbaceous-shrubby Salvador S 12°59'15.51" Urban area
in sand dunes W 38°26'32.71"

UFBA 20 Remainder of Salvador S 13°0'16.26"  Universidade Federal
secondary Atlantic W 38°30'39.20”  da Bahia (urban area)
forest and gardens

Ilha 6  Shrubby-arboreal Itaparica S 13°03’46.2"  Island of Itaparica
in restinga W 38°43'23.8"

Nazaré — Remainder of Atlantic Nazaré S 12°59'22.6"  Rural area
forest in transition W 8°54'03.9”
area between
restinga and
hillside forest .

Pratigi 32,000 Herbaceous-shrubby Itubera S 13°40'38.5"  Area de Protegdo
in restinga W 39°04'29.0"  Ambiental de Pratigi

M1 3 Gap regeneration in  Itubera S 13°49'44.4"  Plantagdes Michelin da
the mosaic of W 39°11'27.9" Bahia Ltda’s property
Atlantic forest and
rubber trees forestry

M2 4 Gap regeneration in  Itubera S 13°51'27.8"  Planta¢des Michelin da
the mosaic of W 39°11'36.2" Bahia Ltda’s property

Atlantic forest and
rubber trees forestry

sericea plants with elaiophores by 0.128 L following
Ramalho and Silva (2002). Within a plot and among the
plots, the small trees of B. sericea varied between 2.0
and 4.0 m high. There is no evidence of large variation
in oil production by flowers or in the density of flowers
per plant canopy among regional habitat types (Ramalho
and Silva 2002; Costa et al. 2006). Therefore, we
assumed that the density of plants was a good measure
of oil availability in each habitat and would be sufficient
for comparisons within the order of magnitude of the
variation of productivity among the habitats tested here.

We placed sampling quadrats only in sections of
the plot that contained individuals of the focal

plant; thus, oil availability could have been over-
estimated in all habitat types. In two habitat plots,
it was only possible to establish and measure two
quadrats due to the low occurrence of the species there
(APA Lagoas e Dunas de Abaet¢ and the Campus of the
Federal University of Bahia, UFBA).

2.3 Measurements of the richness
and abundance of centridine oil bees

During the period of high flower production in

each quadrat (from November to January: Ramalho
and Silva 2002; Costa et al. 2006), centridine bees

flll’_Jlllllll*lN% aDlB @Springer



672

were sampled while visiting flowers. High flower
production was qualified as the period when most of
the B. sericea plants within the sample quadrats
exhibited large quantities of flowers. These peak
flowering periods lasted for 1-2 weeks and varied
between November and January among the 12
plots. The bees were captured with entomological
nets for 15 to 30 min, at hour intervals, between
0800 and 1300 hours when the bees are most
active foraging (Ramalho and Silva 2002). In each
habitat plot, the collecting effort totaled 12 h.
However, because of variable weather conditions
and the number of field assistants available (two to
four persons each time), it took between 2 and
9 days to complete the sampling in each plot. The
bees were identified and deposited at the Pollination
Ecology Lab of the Federal University of Bahia-Brazil
(ECOPOL-IBUFBA).

2.4 Statistical analysis

As most of the data showed a normal distribution and
linear relationship, we used a linear correlation analysis
(Table III). The exception was the analysis of the
relationship between oil availability and Centridini
richness for which we used a rarefaction analysis.
When there was homoscedasticity, correlation was
calculated using Pearson’s coefficient; otherwise, we
used Spearman’s coefficient. Partial correlations were
used to measure the relationship between each pair of
variables, when excluding the effect of other ones (e.g.,
availability of floral oil, absolute abundance, and
richness of centridine bees). We used SPSS 13.0 for
Windows for these analyses. Rarefaction was also
applied to standardize the effect of sample size on
richness estimates, using the statistical package
Ecological Methodology 6.1. Kolmogorov—Smirnov’s
statistic was used to test for normality and F test to test
for linearity of relationship between the variables, with
the Graphpad Instat 3.05.

3. RESUITS
3.1 Flower visitors of B. sericea DC.
A total of 1,246 female bees belonging to

eight tribes were collected on the B. sericea
flowers: Apini, Augochlorini, Centridini, Exo-
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malopsini, Meliponini, Tapinotaspidini, Xyloco-
pini, and Halictini. Among oil-collecting bees,
Centridini was the dominant group (922 indi-
viduals, 73%), followed by Tapinotaspidini (97
individuals, 8%). Among pollen-collecting bees,
the Augochlorini comprised 9% (113 individu-
als) and the eusocial bees Meliponini, 7% (93
individuals). Centridini was also the most
frequent and dominant bee group in all sam-
pling habitats (Table II) with 31 Centridini
species, which include most of Centris species
known from Northeastern Brazilian Atlantic
Coast. Local species richness (alpha diversity)
varied from 2 to 14 among the 12 sampled
habitats.

3.2 Floral oil availability

We observed a high variability in the density
of B. sericea among the 12 sites with estimates
of floral oil availability ranging from 1.52 to
9.38 Lha ' (Table II), i.e., an almost tenfold
difference. The sample means and variance in
floral oil availability were not correlated among
the 12 sites (r=0.156, P=0.646, Figure 1a), and
thus, it is likely that the spatial heterogeneity
did not vary with habitat productivity.

3.3 Correlation between the variables

Centridine richness (r=0.804, P=0.001,
Figure 2a) and abundance (»=0.810, P=0.001,
Figure 2b) showed a positive correlation with
floral oil availability as did centridine richness
estimated by rarefaction (r=0.629, P=0.014,
Figure 2c; Tables III and IV). When the effect of
abundance of centridines was excluded, the
partial correlation between oil availability and
richness of centridines was high and significant
(r=0.669, P=0.012, Figure 2d). The same
happened with the partial correlation between
oil availability and absolute abundance of
centridines, when the effect of richness was
excluded (»=0.682, P=0.010, Figure 2¢). Final-
ly, floral oil availability showed a positive
correlation with the number of oil-collecting
bee tribes (r=0.501, P=0.049) and the total
number of Apoidea tribes (r=0.537, P=0.036).
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Table II. Availability of flower oils of B. sericea DC., richness of centridine, and abundance of bee tribes

sampled on these flowers in the 12 habitats.

Sampling sites  Oils (L ha') RCen Ab Cen Relative abundance (%) of apoidea bee tribes

Cen Api Aug Exo Mel Tap Xyl Hal
UFBA 1.52 4 26 61.90 38.10
Abaeté 2.05 2 76 100.00
C2 3.98 5 32 100.00
Ilha 4.39 9 66 85.71 11.69 2.60
Pituacu 4.8 8 45 97.83 2.17
M1 4.88 8 61 7531 494 988 370 494 1.23
M2 5.41 9 45 88.24 3.92 7.84
Nazaré 6.85 11 64 85.33 533 6.67 133 133
MSJ 7.57 12 110 92.44 5.88 0.84 0.84
Cl 8.11 10 124 100.00
Pratigi 8.4 14 137 41.14 631 1.80 24.02 26.73
Stiep 9.38 8 126 71.58 2421 2,11 1.58 0.53

Oils flower oils, R Cen richness of centridine, Ab Cen absolute abundance of centridine, Cen Centridini, Api Apini, Aug
Augochlorini, Exo Exomalopisini, Mel/ Meliponini, 7ap Tapinotaspidini, Xy/ Xylocopini, Hal Halictini

Particularly in the last case, the increase in B.
sericea density attracted other groups of pollen-
collecting bees to its flowers.

The variance of floral oil availability was not
correlated with centridine richness (#=0.140, P=
0.340, Figure 1b). Likely, there is no effect of
habitat spatial heterogeneity on diversity.

The abundance of centridine was also corre-
lated with species richness (r=0.608, P=0.018,
Figure 3a). However, the partial correlation
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between these two variables was not significant
when the effect of oil availability was excluded
(r=—0.126, P=0.356, Figure 3b). In other words,
the apparent association between abundance and
species richness is spurious.

In general, oil availability could explain
approximately 65% (simple correlation,
Table III) or 45% (partial correlation, Table IV)
of the observed variation of richness and
abundance of centridine bees. In contrast, oil
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Figure 1. a Relationship between mean (liters per hectare) and variance in oil availability of B. sericea DC.
among habitats; b relationship between variance in oil availability and richness of centridine bees.
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Figure 2. Correlations between availability of flower oils of B. sericea DC. and centridine diversity: a
availability (liters per hectare) and richness; b availability (liters per hectare) and absolute abundance; ¢
availability (liters per hectare) and richness calculated by rarefaction; d residuals of availability and richness; e

residuals of availability and absolute abundance.

availability explains only 29% and 25% of the
observed variations in the number of Apoidea
tribes and other oil-collecting bees, respectively
(Table III).

The habitat area was not correlated with
centridine richness (r=0.202, P=0.275), abun-
dance of centridines (r=0.497, P=0.060), and
oil availability (r=0.164, P=0.315). In contrast,
the partial correlation between centridine
richness and oil availability was significant
when the effect of habitat area was excluded
(r=0.769, P=0.005).
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4. DISCUSSION

4.1 Centridini and Malpighiaceae—a tight
ecological relationship

Centridini (Apidae) was the dominant oil
bee group on B. sericea flowers in all sampled
habitats, though their relative abundance varied
considerably. The females of this tribe collect-
ed mainly oil and often pollen by vibratory
pollen collection (Teixeira and Machado 2000).
This demonstrates the high value of B. sericea
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Table III. Summary of analyses of simple linear correlation.

Correlated variables

r r”? p n  Coefficient Test

Oil availability xrichness of Centridini
Oil availability x absolute abundance of Centridini

Absolute abundance of Centridini X richness of Centridini

Oil availability x total number of apoidea tribes
Oil availability x number of oil-collecting bee tribes

Oil availability x Centridini richness estimated by rarefaction®

Average of oils availability x variance of oil availability
Variance of oil availability xrichness of Centridini
Habitat areaxrichness of Centridini

Habitat areax absolute abundance of Centridini
Habitat areax oil availability

0.804 0.646 0.001 12 Pearson Unilateral
0.810 0.656 0.001 12 Pearson Unilateral
0.608 0.370 0.018 12 Pearson Unilateral
0.537 0.288 0.036 12 Spearman Unilateral
0.501 0.251 0.049 12 Spearman Unilateral
0.629 0.396 0.014 12 Pearson Unilateral
0.156 0.024 0.646 11 Pearson Bilateral
0.140 0.020 0.340 11 Pearson Unilateral
0.202 0.041 0.275 11 Spearman Unilateral
0.497 0.247 0.060 11 Spearman Unilateral
0.164 0.027 0.315 11 Spearman Unilateral

?Richness estimated by rarefaction in subsamples of 26 individuals, in each habitat parcel

flowers as an energetic (oil) and a protein
source (pollen) for centridine bees inhabiting
the coastal Bahian forests.

At the regional scale, these data support the
hypothesis of a tight ecological (frequent and
predictable in space and time) relationship
between the centridine bees and the oil flowers
of B. sericea (Ramalho and Silva 2002).
Therefore, it is also reasonable to infer reciprocal
influences from both sides of this relationship in
regional ecological communities.

4.2 Partitioning of oil flowers
by centridine bees

The long history of conservative evolutionary

interactions between Centridini and Malpighia-
ceae (Anderson 1979; Neff and Simpson 1981;

Table I'V. Summary of analyses of partial correlation.

Vogel 1990) has also led to diffuse ecological
relationships, i.e., many centridine species
may explore the same Malpighiaceae host
plant and vice versa (Simpson and Neff 1981;
Gottsberger 1986; Vogel 1990; Machado
2004). As a result, it is likely that the
partitioning of oil flowers is not a mechanism
that determines the coexistence of centridine
bees along the Northeastern Brazilian Atlantic
coast. In contemporary communities, the
abundance of floral oil may influence centri-
dine diversity more than diversity of oil
flowers (e.g., Ramalho and Silva 2002). The
observed regional diversity pattern where the
variation of a single Malpighiaceae oil flower
(B. sericea) explains the spatial variation of
centridine richness and abundance supports
this hypothesis.

Controlled variable Correlated variables r " P n
Oil availability Absolute abundance of Centridini xrichness -0.126  0.016 0.356 12
of Centridini
Absolute abundance Oil availability xrichness of Centridini 0.669 0.448 0.012 12
of Centridini
Richness of Centridini  Oil availability x absolute abundance of Centridini 0.682 0.465 0.010 12
Habitat area Oil availability xrichness of Centridini 0.769 0.591 0.005 11
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Figure 3. Correlation between absolute abundance and

variables; b partial correlation (between residuals).

4.3 Floral oil as a measure of habitat
productivity and its effect on the diversity
of centridine bees

It is frequently assumed that the relationship
between habitat productivity and species diversity
is unimodal (e.g., Owen 1988; Rosenzweig and
Abramsky 1993; Rosenzweig 1995), although
this relationship depends on several factors
(Wright et al. 1993; Waide et al. 1999; Mittelbach
et al. 2001; Partel et al. 2007). For instance, at a
regional scale, positive linear relationships have
been observed as frequently as the unimodal
pattern (Waide et al. 1999; Mittelbach et al.
2001) and seem to be significantly more com-
mon in the tropics (Partel et al. 2007). This latter
generalization is supported by the observed linear
relationship between centridine bees and Mal-
pighiaceae oil flowers at regional scale in the
Northeastern Brazilian Atlantic coast.

At least three mechanisms could explain the
positive effect of resource productivity on the
coexistence of consumer species: (1) an increase
in average resource availability could also
increase variance and thus spatial heterogeneity,
which could promote the coexistence of higher
number of species through the spatial partitioning
of resources (Vance 1984; Abrams 1988;
Rosenzweig and Abramsky 1993; Rosenzweig
1995); (2) under high average productivity rare
species would become more abundant, reducing
local stochastic extinction (Rosenzweig and
Abramsky 1993; Abrams 1995; Rosenzweig
1995; Adler et al. 2007); (3) and finally, with
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increasing productivity, asymmetric effects of
density-dependence could promote species coex-
istence (Abrams 1983, 1988, 1995).

In fact, increases in average productivity and
variance are postulated to be an underlying
mechanism allowing for the coexistence of con-
sumer species in models with more than two
resources (e.g., Rosenzweig and Abramsky 1993;
Tilman and Pacala 1993; Rosenzweig 1995). In
this study, the increased variance in floral oil
availability from a single key source (B. sericea)
probably did not affect the coexistence of cen-
tridine bees and thus did not affect local diversity.

The second mechanism did not explain the
observed relationship between centridine and oil
flowers either. Probably, rare species are not
necessarily “more abundant” and are not less
exposed to stochastic extinction in productive
habitats compared to unproductive habitats.
Most sites with the highest oil availability have
continued to be those with the greatest richness
of centridine bees when the effect of centridine
abundance was excluded (partial correlation).

We argue that asymmetry in density depen-
dence offers a better explanation for the observed
effect of oil availability on centridine richness.
With increasing productivity, intra-specific density
dependence should increase faster than inter-
specific density dependence (Abrams 1983,
1988, 1995; Vance 1984; Chesson 2000) and so
rare species should be less extinction prone due
to relaxed inter-specific competition. This could
result from an increase in intra-specific competi-
tion when individuals have to exploit a very
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productive key resource that is concentrated in
space and time, which is the case of oil in B.
sericea flowers. Moreover, according to models
of species coexistence at a regional scale (e.g.,
Slatkin 1974; Hanski 1983, 1999), the habitats
with high availability of floral oil should mini-
mize the effects of two key mechanisms: (1) the
negative effect of one species on the probability
of colonization by another one and (2) the
positive effect of one species on the probability
of extinction of another one. Finally, considering
that the sites with the highest density of oil
flowers actually support a higher number of
centridine species, they also should be the main
sources of migrants in the landscape and thus
playing a key role in the spatial dynamics of
centridine diversity (component [(3) along the
Northeastern Brazilian Atlantic coast.
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