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Abstract— We investigated composition and secretion patterns of nectar in the Brazil nut tree (Bertholletia excelsa )
and visitation patterns and glossa length of the main flower visitors along the anthesis, aiming to understand the
implications for pollination and fruit production. Nectar sugar composition was dominated by sucrose and nectar
secretion was continuous until 15:30 h, although flowers secreted, respectively, almost 50 and 80% of the total nectar
volume and solutes in the hours immediately following flower opening, which coincides with peak flower visitation
by bees. We observed a total of 19 bee species visiting the flowers to collect nectar throughout the day that can be
considered pollinators. The three most abundant bee species were Xylocopa frontalis , Eufriesea flaviventris , and
Eulaema mocsaryi that accounted for about 90% of the visits. In open flowers, nectar was generally scarce,
encouraging bees to move among trees, and likely increasing xenogamous pollen transfer in natural habitats.
However, in the large-scale Brazil nut tree plantation studied here, where genetically identical (clone) individuals
are planted together in high densities, even where bees move between trees, they seem to promote functional
geitonogamy, determining pollen limitation.

floral reward / foraging strategies / bee-plant interaction / pollination / reproductive success

1. INTRODUCTION (fructose, glucose, and sucrose) prevail in the total

solutes (Stiles and Freeman 1993; Proctor et al.

Nectar is one of the most important resources
offered by angiosperms to potential pollinators and,
although it may contain an ample variety of chem-
ical components, three ordinary carbohydrates
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1996). The production of nectar represents a costly
investment of plant resources, demanding a bal-
anced trade-off between providing sufficient quan-
tity and quality to attract pollinators and maintain
their interest in visiting other flowers, ensuring
cross-pollination, but at the lowest possible cost
to the plant (Devlin and Stephenson 1985). Ac-
cordingly, plants use a variety of different mecha-
nisms to minimize the costs of nectar production,
including variation in secretion patterns, sugar
composition, and accessibility of nectaries
(Lovett-Doust and Lovett-Doust 1988).
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Nectar secretion patterns, effects of nectar re-
moval, and factors determining the chemical con-
stituents of floral nectar, as well as strategies to
protect the floral rewards, have been previously
studied in many angiosperm species (e.g., Galetto
and Bernardello 1992; Stiles and Freeman 1993;
Van Wyk 1993; Torres and Galetto 1998; Navarro
1999; Bernardello et al. 1999; Goulson 1999;
Galetto et al. 2000; Galetto and Bernardello
2003), because all these processes are essential to
understand plant-pollinator interactions and their
implications for plant reproductive success
(Cruden et al. 1983; Galetto and Bernardello
1992). For example, some plant species open their
flowers full of nectar (e.g., Rivera et al. 1996;
Guerra et al. 2014) and others with little nectar
inside (Galetto and Bernardello 1992, 1993;
Amorim et al. 2013), affecting the foraging behav-
ior of their floral visitors (Real 1981; Roubik et al.
1995). Besides that, distinct groups of floral visitors
show preferences according to nectar characteris-
tics such as sugar concentration or composition.
For example, although bee-pollinated plant species
usually present hexose-predominant or hexose-rich
nectars in their flowers (>75% of studied plant
species), large bees (e.g., Euglossini, Centridini)
prefer visiting flowers that provide sucrose-rich
nectar with high sugar concentrations (35-50%)
(Roubik et al. 1995; Baker and Baker 1983;
Galetto and Bernardello 2003).

Odors seem to be a secondary attractant in
Neotropical species of Lecythidaceae, of which
many species are bee-pollinated and produce nec-
tar as reward (35-39% sugar concentration and
10-60 uL/flower, depending on the species;
Knudsen and Mori 1996). Floral scent compounds
in nectar-rewarding Lecythidaceae could indicate
that male euglossine bees may be one of the main
pollinators, although this does not necessarily pre-
clude visitation by female euglossine bees
(Knudsen and Mori 1996).

Studies on Lecythidaceae nectar are rare.
Potascheff et al. (2014) focused on the nectar
volume and concentration of Eschweilera nana,
while Freeman et al. (1991) observed that the Asi-
atic species Barringtonia asiatica presents noctur-
nal flowers which secrete nectar containing 97.6%
sucrose. Presently, there is no study on nectar of
Bertholletia excelsa Bonpl., although nectar is the
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main reward offered by this plant species. Nectar
secretion patterns and floral structures that present
nectar play important roles in determining plant-
pollinator relationships, particularly in relation to
spatio-temporal visitation patterns and the pollina-
tion efficacies of different flower visitors. Thus, a
better understanding of the relationships between
pollinators and flowers of Lecythidaceae, especial-
ly those only offering nectar as a reward, requires
intensive study of visiting pollinator species
(Knudsen and Mori 1996), their visitation patterns,
and the study of temporal patterns in nectar pro-
duction (e.g., volume, composition, concentration)
(Galetto and Bernardello 2004, 2005).

The Brazil nut (B. excelsa) is a large-sized
arborous plant species which grows in Amazon
forests of Brazil, Bolivia, Colombia, Guiana, Su-
riname, Peru, and Venezuela at a natural density of
1.3 trees/ha (Peres and Baider 1997; Wadt et al.
2005). Income generated from the harvest and
natural collection of its seeds (Brazil nuts) is of
paramount importance for socioeconomic devel-
opment in these regions (Wadt et al. 2005).
B. excelsa flowers are hermaphrodite and poten-
tial pollinators start to visit its flowers for nectar
from the moment of their opening (Prance and
Mori 2004; Santos and Absy 2012). The Brazil
nut tree is predominantly xenogamous and the
main pollinators are known to be large bees
(Prance 1976; Mori et al. 1978; Maués 2002;
Cavalcante et al. 2012). However, among the ten
genera of New World Lecythidaceae, flowers of
B. excelsa show the most complex morphologies
that greatly restrict access to nectar by many
flower-visiting insects (Prance 1976; Mori et al.
1978; Mori and Prance 1981; Tsou and Mori
2007; Potascheff et al. 2014). Flowers bear a
chamber made of congruent staminoids that form
a robust structure (hood or helmet) that covers the
reproductive structures (stamens and stigma) and
nectaries. B. excelsa produces fruits and seeds by
both xenogamous and geitonogamous pollination,
but under cultivation, the species suffers from
severe pollen limitation (Cavalcante et al. 2012).

The aims of the present study were to deter-
mine nectar sugar composition and nectar secre-
tion dynamics throughout the anthesis of
B. excelsa and to record the daily frequency of
flower visitors and their glossa length to better
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understand the implications for pollination suc-
cess. Specifically, we obtained data on (i) nectar
sugar composition of flowers from different indi-
viduals; (ii) nectar secretion dynamics during
flower anthesis, considering daily variations of
temperature and air humidity; and (iii) visitation
patterns of the main flower visitors during the day
and nectar standing crop. We discuss the behavior
of the main frequent floral visitors in relation to
nectar availability and the potential consequences
for pollination effectiveness and plant fruit set of
the Brazil nut.

2. MATERIALS AND METHODS
2.1. Experimental area
2.1.1. Location

The study was carried out at Aruana farm (03°
0'51.15" S and 58° 50'13.65” W), Rodovia AM-
010, 215 km, Itacoatiara, Amazonas state, in Bra-
zil, from October to December in both 2009 and
2010. The Aruani agroindustry is the largest com-
mercial grower of cultivated Brazil nut trees in the
world. The farm has a total area of 12,000 ha out
of which 3600 ha is cultivated with grafted Brazil
nut trees with genetic material from eight clones,
spaced by 20 m x 20 m, 20 m x 10 m, or closer,
1.5 mx 1.5 m in the cases of reforestation. Data
collection were carried out during the blooming
season from two different types of Brazil nut
clones (varieties 606 and 609); trees from each
clone type were concentrated in the area. Obser-
vations were performed at the top of 17-m-high
wooden scaffoldings built near each studied tree.

2.1.2. Nectar sugar composition

Nectar samples for chemical analyses were
collected at 8:00 h in the field from 20 bagged
(non-visited flowers, bagged in bud stage) flowers
from four plants (two of each type of clone) and
quickly dried and stored on Whatman No. 1 chro-
matography paper (Galetto and Bernardello
2005). For sugar analyses, nectar was re-
dissolved and sugar separation was accomplished
by gas-liquid chromatography (GLC) to deter-
mine the types of sugar in nectar and their
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respective proportions (Galetto and Bernardello
2005). Nectar was lyophilized and silylated ac-
cording to Sweeley et al. (1963). The derivatives
were then injected into a Konik KNK 3000-
HRGS gas chromatograph equipped with a
Spectra-Physics SP 4290 data integrator, a flame
ionization detector, and a SE 30 capillary column
(30 m long, 0.25 mm diameter, and 0.25 pum
thickness of the inner pellicle). Nitrogen was the
carrier gas (2 mL/min), and the following temper-
ature program was followed: 200 °C/1 min, 1 °C/
min until 208 °C, 10 °C/min until 280 °C for
2 min. Carbohydrate standards (Sigma Chem.)
were prepared using the same method.

2.1.3. Nectar secretion pattern

The day before anthesis, 280 flower buds were
bagged with voile cloth bags in four trees to
determine the volume and concentration of the
floral nectar. Sampling began at 05:30 h, which
was the time of the day when all flowers were
already open and bees began to visit them, and
carried on throughout the whole day, at 2-h inter-
vals and from 40 flowers (10 flowers x 4 plants
from two clone types) at each time period, until
17:30 h, because after this time, most open
flowers have abscised from trees.

Nectar volume was assessed using micropi-
pettes graduated to 5 pL that were carefully
placed at the base of the flower staminoids for
the nectar to flow up in the tube by capillary action
(Hocking 1953). After that, it was necessary to lift
up the hood to access drops of nectar remaining
between the staminoids to ensure that all nectar
was removed from the flower. Therefore, each
sampling event was carried out on different
flowers because after the nectar was removed the
flower was destroyed. This morphological trait of
the flower makes it almost impossible to study the
effects of successive nectar removal on nectar
production in B. excelsa .

Sugar concentration of sampled nectar was de-
termined using a portable refractometer (0-80%,
Atago®), while the sugar amount per microliter of
nectar was calculated using the regression equa-
tion y =0.00226 + (0.00937 x) + (0.0000585 x?)
(Dafni et al. 2005), where x is the concentration
and the amount of sugars in the sample (mg of
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sugar/puL of nectar). Then, total sugar in each
sample was determined by multiplying this value
by the volume of nectar sampled.

Nectar traits for the standing crop data were
measured from open flowers (n =20 flowers per
seven sampling period; each sampling was sepa-
rated by 2-h interval, starting at 5:30 h and ending
at 17:30 h) using the methods described above and
according to Galetto and Bernardello (2005). The
pattern of nectar available to pollinators (i.e., nec-
tar standing crop from open flowers) was then
presented in relation to the frequency of visits
and compared to nectar production in bagged
flowers.

The amounts of nectar per tree in volume (L)
and sugar secreted (kg) during the flowering peri-
od were estimated using the data obtained from
six trees accessed via wooden scaffolding (aver-
age of 17 m in height). On each tree, the average
number of flowering branches, inflorescences per
flowering branch, and flowers per inflorescence
was counted. The number of flowers per inflores-
cence was counted at the end of the flowering
period, as previously abscised flowers left visible
scars on flowering branches (Figure 1b). Based on
this information, and the amount of nectar in
volume (1L) and sugar secreted (mg) per flower,
we estimated the total number of flowers pro-
duced per tree and the total nectar production per
tree during the flowering period.

2.1.4. Plant-pollinator interactions

Six trees (three for each clone type) were used
for the observations of bee abundance and fre-
quency to the flowers. Scaffolds were built by
the side of each tree, allowing spotting visually
60% of their canopies and access flowers for data
collection. Data collection was done every hour,
with two periods of 10 min of continuous obser-
vation, from 05:30 to 17:30 h for 18 days
(summed total of 75.6 h of field observations).
Samples of all floral visitors were collected from
each tree using entomological nets at every hour
from 05:00 to 17:00 h. Then, insects were killed in
a lethal chamber with ethyl acetate, pinned, iden-
tified at species level, sexed, and counted to de-
termine their specific abundance.
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To investigate bee-flower interactions and to
determine which species could reach the nectar
reward, we measured the glossa of visiting bee
species using a digital caliper rule. A mean num-
ber of 4.3 individuals per species were killed in a
death chamber containing methyl acetate. At
death, bees fully extend their tongues enabling
accurate measurement of tongue length. We also
measured the distance from the base of the re-
flexed petal (hood), where the nectaries are found,
to the flower opening through which the bees have
access to the nectar (n = 65 flowers) to determine
the shortest glossa length needed to succeed in
collecting the nectar.

Temperature and humidity data were collected
at 30-min intervals during the whole experiment
using a Data Loggers HOBO® placed in a shaded
area of studied tree canopies.

2.2. Statistical analyses

The design was completely randomized. The
variables studied related to nectar features (nectar
volume, sugar concentration, and quantity of sug-
ar) were tested for normality by the Shapiro-Wilk
test. Since these variables did not show normality,
the comparisons of these variables throughout the
day (comparisons among different times) were
performed using the non-parametric Kruskal-Wal-
lis test, followed by pairwise comparison using
the Mann-Whitney test.

To verify if environmental variables (tempera-
ture and humidity) were related to nectar attributes
(volume, concentration, and amount of sugar), we
performed a Spearman correlation test. The same
test was used to investigate the relationship be-
tween the frequency of floral visitors and the
nectar attributes, and between the frequency of
floral visitors and environmental variables. All
statistical analyses were carried out in the statisti-
cal environment R (R Core Team 2017).

3. RESULTS
3.1. Nectar sugar composition
Overall nectar sugar composition in B. excelsa

showed strong predominance by sucrose with low
comparable amounts of hexoses, but with more
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glucose than fructose (Table I). Sugar proportions
showed extremely low variability between sam-
pled trees (Table I).

3.2. Nectar secretion pattern

Anthesis of B. excelsa began at 03:30 and by
05:00 h; all flowers were already open (n =74)
(Figure la, b). Nectar is secreted at the base of
staminoids making access difficult for floral visi-
tors with short mouthparts, therefore acting as a
selective barrier to potential pollinators
(Figure 1c, d). Soon after flowers opened, mean
nectar volume was 14.48 +1.25 (uL/flower (n =
40), and a mean concentration of 38.74 +0.64%
(n =40)). Nectar production in terms of volume
was continuous and increased during the day until
13:00 h, when the peak of total sugar per flower
was reached (Figure 2). There was a significant
difference between time periods in nectar volume
(x 2=37.96, p <0.001), concentration (x 2=
141.30, p <0.001), and amount of sugar (X2=
21.16, p =0.002) (Figure 2). In terms of volume,
the greatest value was observed at 15:30 h, al-
though with the lowest sugar concentration. It is
important to highlight that nectar concentration
decreased during the day, with a minimum value
of 26.80% by the end of the flower’s life at
17:30 h, independently of temperature and air
humidity that increased and decreased along the
day, respectively (Figure 2).

Flowers secreted almost 50% of the total nectar
volume and approximately 80% of the total nectar
solutes in the initial 2 h following flower opening
(Figure 2). Soon after the beginning of anthesis,
the rate of nectar secretion was high (3.76 uL/h),
but then the increase in nectar volume reduced to
0.62 pL/h. In a second stage of high nectar
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secretion, in the afternoon, the rate is elevated to
4.53 uL/h also to be followed by a reduction to
0.97 uL/h (Figure 2). The nectar secretion pattern
of B. excelsa was continuous and crescent-shaped
until 15:30 h and increased at a rate of 2.10 pL/h.

The peak of sugar production was earlier
(13:30 h) to that of maximum volume observed
(15:30 h) because the concentration of solutes was
significantly higher (p <0.01) at 13:30 than at
15:30 h (Figure 2), contributing to higher amounts
of sugar in the nectar. Comparing secretion rates
throughout the day, we observed that in the morn-
ing shift the mean rates of nectar secretion, both in
volume and amount of sugar, increased at
1.67 uL/h and 0.6 mg sugar/h, respectively.
Meanwhile, in the afternoon, the mean secretion
rates decreased for these parameters at 1.09 uL/h
and 1.0 mg sugar/h, respectively.

The average number of flowering branches per
tree (695.0+21.67) was estimated for six trees,
and given that a flowering branch produced an
average of 5.66+1.58 inflorescences, with an
average number of 38.07 + 7.54 flowers per inflo-
rescence, we estimated that a Brazil nut tree pro-
duces a mean of 149,758 flowers during a single
flowering season. Considering also that the nectar
volume and sugar concentration per flower were
26.10£14.76 uL and 34.1 £5.39%, we calculat-
ed that a Brazil nut tree produces an average of
3.91 L of nectar and 1.55 kg of sugar during its
blooming season every year.

3.3. Plant-pollinator interactions

During the Brazil nut blooming season, we
observed a total of 19 bee species, represented
by 1035 collected specimens (Table II), visiting
the flowers to collect nectar throughout the day.

Table 1. Nectar sugar composition of Brazil nut (Bertholletia excelsa ) under cultivation, Itacoatiara, AM

Sampled plant Glucose (%) Fructose (%) Sucrose (%)
1 1.67 0.17 98.16
2 2.01 0.21 97.78
3 1.75 0.19 98.06
4 2.12 0.18 97.70
5 1.58 0.24 98.18
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Figure 1 a Terminal inflorescences with open flowers of Bertholletia excelsa . b Close-up of inflorescence structure
and floral scars. ¢ Transversal cut of the Brazil nut flower showing the approach bees use to collect nectar and the
distance from the base of the hood (ligula) to the base of the staminoids (in red). d Floral structures (stigma, staminal
ring, and nectaries).

Visitation frequencies were highest in the morning  most abundant bee species were Xylocopa
observation period (Figure 3), when the nectar  frontalis, Eufriesea flaviventris, and Eulaema
was most concentrated and air temperatures at  mocsaryi (with 607, 205, and 113 specimens
the tree canopy were lower (Figure 2). The three  respectively, representing 58.6, 19.8, and 10.9%

45+ r 90

_ 401 Characteristics of nectar
@
g 354 L 80 -o- Volume (pL/flower)

(0] =
S 5 304 £  -=- Concentration (%)
Y= =
°w 2 .o Sugar (mg/flower)
@ © 254 o 9 g
28 t70 <
£ § 201 2 , .
L3 = Environmental variables
S B 159
5 © 104 L 60 -o- Temperature (°C)
S ;i -= Humidity (%)

0530 0730 09'30 11:30 13:30 1530 17:30
Time

Figure 2 Pattern of nectar secretion (volume, concentration, and amount of sugar) in the cultivated Brazil nut
(Bertholletia excelsa ) considering environmental conditions at the canopy (temperature: °C and humidity: %).
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Table I1. List of families, species, sex, total abundance by sex, and relative abundance of bee flower visitors of Brazil
nut (Bertholletia excelsa ) under cultivation, Itacoatiara, AM

Family Species Sex  Total abundance by  Relative abundance
sex (%)

Apidae Xylocopa (Neoxylocopa) frontalis (Olivier, 39  12/595 58.6
1789)

Apidae Xylocopa sp. 1 Q 6 0.6

Apidae Xylocopa sp. 2 Q 3 0.3

Apidae Eufiiesea flaviventris (Friese, 1899) 39  25/180 19.8

Apidae Eufiiesea purpurata (Mocsary, 1896) Q 4 0.4

Apidae Eulaema (Apeulaema) mocsaryi (Friese, 1899) 49 12/101 10.9

Apidae Eulaema (Eulaema) meriana (Olivier, 1789) 39 6/16 2.1

Apidae Eulaema (Apeulaema) cingulata (Fabricius, Q 2 0.2
1804)

Apidae Epicharis (Epicharis) umbraculata (Fabricius, Q 3 0.3
1804)

Apidae Epicharis (Epicharana) flava (Friese, 1900) Q 10 1.0

Apidae Epicharis (Epicharana) conica (Smith, 1854) 39 6 0.6

Apidae Epicharis (Epicharana) zonata (Smith, 1874) Q 4 0.4

Apidae Epicharis sp. Q 2 0.2

Apidae Centris (Xanthemisia) ferruginea (Lepeletier, 39 213 14
1841)

Apidae Centris (Ptilotopus) denudans (Lepeletier, 49 519 23
1841)

Apidae Centris (Ptilotopus) americana (Klug, 1810) Q 2 0.2

Apidae Centris (Trachina) longimana (Fabricius, 1804) & 1 0.1

Apidae Bombus (Fervidobombus) transversalis (Olivi- Q 2 0.2
er, 1789)

Megachilidae ~ Megachile sp. 1 Q 4 0.4

- Total bees -#- Concentration of nectar (%)
— 50+ -0+ Xylocopa frontalis -B Nectar standing crop (uL) r2.0

0.5

Number of bees and
concentration of nectar (%

o
(7r) doJo Buipuess JeyoeN

o

Cl
T ~0.0
o

T
Q Q Q Q Q Q Q Q Q Q
S P DS

¥ T & '\\!‘b NZEECHEN NCHEEN

Time
Figure 3 Mean frequency and abundance of flower visitors per tree and pattern of nectar standing crop (uL) in
flowers of Bertholletia excelsa open to floral visitors, Itacoatiara—Amazonas, Brazil. The scale in axis Y is valid for
both the bee frequency and the nectar standing crop (nL/flower) which is represented by the dotted line.

T
Q Q
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of the total number of visits observed, respective-
ly; Table II).

Nectar available to visitors in open flowers
(i.e., nectar standing crop) was generally scarce
and reflected intense visitation by bees during the
morning period and explained the low amount of
nectar found in open flowers throughout anthesis
(<2 uL/flower; Figure 3). This pattern was rein-
forced by the sheer number of flowers showing
clear visual signs of previous exploitation, as bees
must force to open the external part of the corolla
with their front legs to access the nectar.

We found that the total number of bees and the
abundance of Xylocopa frontalis correlated strongly
and positively with both the concentration of nectar in
flowers and humidity, and negatively with air temper-
ature at canopy level. In addition, the total number of
bees correlated negatively with the nectar standing
crop (volume) (Online Resource 1). Moreover, nectar
characteristics were also significantly correlated with
environmental variables (Online Resource 2).

The minimum distance from the base of the caput
to the base of the staminoids (where nectar is secreted)
in flowers of B. excelsa was 8.8 mm (Figure 1c). The
measurement of the glossa length to each bee species
visiting the Brazil nut flowers showed that all species,
except for Megachile sp., have long enough glossa to
reach the nectaries (Figure 4).

4. DISCUSSION

Flowers of B. excelsa secrete sucrose-dominant
nectar mostly during daylight hours, and they are

M. C. Cavalcante et al.

visited by many large bees. This trend corroborates
with previous evidence showing that large bees
prefer sucrose-rich nectar with high sugar concen-
trations (35-50%) (Roubik et al. 1995; Baker and
Baker 1983). In relation to the mean nectar amount
and concentration produced by a flower of
B. excelsa, these traits are comparable to other
Lecythidacea pollinated by large bees (e.g.,
Potascheff et al. 2014). B. excelsa secreting almost
pure sucrose nectar is one of the few examples for
bee-flower pollinated species with sucrose-
predominant nectars (Baker and Baker 1983;
Galetto and Bernardello 2003). Thus, these initial
findings for nectar sugar composition within the
Lecythidaceae suggest that it seems not to be ex-
plained by pollinator guild and may be more relat-
ed to phylogenetic restrictions, a trend also found
in other groups of plants (e.g., Galetto et al. 1998;
Perret et al. 2001; Torres and Galetto 2002).
During periods of high bee visitation frequency
(i.e., early morning), almost all nectar was re-
moved from flowers; thus, it was possible to hand
collect only a small amount of nectar (minimum
of 0.15 pL; maximum of 0.73 puL). The higher
rates of visits by a great diversity of bee species to
the cultivated Brazil nut trees were correlated with
milder temperatures and high air humidity be-
tween 5:30 and 10:30 h, and with a high nectar
production (in terms of volume, but also in con-
centration and total amount of solutes). In addition,
during times of low bee visitation (e.g., 13:30 h), it
was possible to sample small amounts of nectar
(minimum of 0.57 pL; maximum of 1.63 uL;

Lower access distance to nectar (8.8 mm)

Megachille sp. ———Hh
Xylocopa frontalis B
Centris longimana

Eufriesea sp.1 H

Eufriesea flaviventris -

Bombus transversalis

Centris denudans

Epicharis umbraculata

Epicharis conica -

Epicharis flava

Eufriesea sp.2

Eulaema mocsariy -

Eulaema cingulata

Eulaema meriana

=gl
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T T T 1

20 30 40 50
Glossa length (mm)

Figure 4 Average glossa length of the potential pollinators of Brazil nut (Bertholletia excelsa ) cultivated in central Amazonia.
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Figure 3). However, because the production of this
resource is continuous until 15:30 h, early in the
afternoon, there was still little nectar available in the
flowers even as the frequency and abundance of
flower visitors decreased significantly in the after-
noon period. Natural nectar production measured in
bagged flowers showed that most nectar is removed
by flower visitors and that nectar is not reabsorbed.

Many authors suggested that pollinators
optimize their foraging behavior in terms of
energetic costs (e.g., Zimmerman 1988;
Kearns et al. 1998). In a previous study
conducted within a plantation of B. excelsa
on the Aruana farm, in Amazonas, large bees
visited flowers mainly between 5 to 10 a.m.
(Santos and Absy 2010) as also found in the
present study. Thus, pollinating bees seem to
forage in flowers of Brazil nut optimizing the ener-
getic costs because they are visiting flowers during
morning hours, period when most nectar is secreted.
An extended secretion period under natural condi-
tions, where conspecific plant density is very low,
could be related to a lower frequency of visits
distributed during the entire day.

Large bees recorded here visiting flowers
can be all considered pollinators of the Brazil
nut. In order to access the nectar, they are
forced against the stamens acquiring pollen
on their head, thorax, or abdomen, and/or
they are forced against the stigma depositing
the pollen they carry on these parts of their
bodies. Concealing floral resources in places
difficult to pollinator access is a strategy
adopted by many plants to restrict and select
floral visitors, increasing the chances of only
legitimate pollinators gaining access to the
valuable floral resources. The location and ar-
rangement of the nectaries in flowers of B. excelsa
suggest pollinators are directed to a successful polli-
nation touching first the stigma and then the anthers,
consecutively, as attempting to reach the nectar
(Prance 1976; Mori et al. 1978; Mori and Prance
1981; Tsou and Mori 2007; Potascheff et al. 2014;
this work). In parallel, the sample of individual
bagged flowers measured to obtain the natural nectar
production pattern without bee visits showed a great
variation in nectar volume. These groups of flowers
sampled at the same hour of the day, presented from
3.0 to 88.0 uL (£10.23 S.D.) of nectar. In
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hermaphrodite plants, variation in the rate of nectar
production within an individual has been recognized
as an adaptive characteristic that reduces the number
of flowers visited per plant, reducing the time a floral
visitor spends on a single plant and pollen deposition
among flowers of the same individual (Pleasants
1983; Biernaskie et al. 2002).

Of the collected bee species, Eulaema
meriana presented the longest glossa, exceed-
ing 40.0 mm. This trait may be related to the
distinct foraging behavior of this species, bare-
ly penetrating the flower, and pushing its long
glossa into the external floral structures to
harvest the concealed nectar resources. In con-
trast, comparatively smaller species belonging
to the genera Eufriesea, Epicharis, and
Xylocopa with shorter glossas need to pene-
trate deep the flower to reach the nectar. Con-
sidering their abundance, frequency of visits
per flower, and foraging behavior, Eulaema
mocsaryi (Euglossini) and Xylocopa frontalis
(Xylocopini) are most likely the two main
pollinators of the Brazil nut flowers in agricul-
tural areas of Amazonas state, corroborating
Cavalcante et al. (2012) and Santos and Absy
(2010).

Variations in the number of open flowers and
in the nectar traits may affect the foraging behav-
ior of the pollinator species, their pollination effi-
ciency, and, ultimately, the economic output
in terms of crop yield mainly when there is a
low compatibility between individual plants
like in the here studied plantation with clonal
plants. It is commonly reported that the Bra-
zil nut produces a low fruit set (Jorge and
Peres 2005), and fruit production can drop
significantly after a year of good reproductive
success (Potascheff et al. 2014). This trend can
be explained partly by considering that this
species is mainly xenogamous, as shown by
Cavalcante et al. (2012), and because the huge
density of cloned individuals plants close to
each other compared to densities within natu-
ral areas. Thus, further studies on the fruit
set of wild trees versus clonal trees in plan-
tations will be necessary to disentangle the
role of bee diversity and pollen limitation in
the production and management of this im-
portant crop.
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