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Abstract: Research Highlights: Our study establishes the biennial nature of flowering intensity as a
life-time energy-conserving strategy; we show unexpectedly high flower:fruit ratios despite extensive
predation of buds and flowers by insect larvae; ‘selective’ bud abortion may be a key annual
energy-saving strategy. Background and Objectives: We aim to explain the strongly biennial flowering
pattern of Eschweilera tenuifolia, an ecologically key tree species of Amazon blackwater-flooded forest,
inundated for up to nine months annually, and with large flowers (6 cm in width). Materials and
Methods: We quantified the insect infestation of central Amazonian Eschweilera tenuifolia buds and
flowers; we measured nectar production from flower opening onwards, examined flower duration
and monitored pollen theft. We tested the role of infestation in bud abortion, nectar production and
fruit production initiation. Results: Our study shows extensive predation of buds and flowers by
insect larvae, as well as selective abortion of heavily infested buds, and limited loss to pollen thieves
which fed largely on infertile fodder pollen. Nectar production peaked in the morning, with no
nocturnal nectar production recorded. Sucrose levels were similar to congeneric values (mean 37.4%),
and near-constant during production. Flower duration (4-5 days) was longer than reported for
other congenerics. Conclusions: Insect infestation of buds can play an important role in regulating
flower:fruit ratios, thus setting limits on individual total seed set. Individual Eschweilera tenuifolia
appear to invest highly in reproduction every second year. Extended flower duration may be a
strategy to enhance pollination success, but increases overall reproductive investment. Abortion
of heavily infested buds may minimize allocation of energy to malformed flowers, which have
a lower chance of attracting pollinators, thus functioning as a short-term energy-saving strategy.
Additionally, biennial flowering in E. tenuifolia is likely to be an energy-conserving response in a
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highly physiologically-challenging environment. Thus, E. tenuifolia exhibits energy-conservation
strategies at two divergent temporal scales.

Keywords: nectar production; bud abortion; insects; invertebrate bud predation; flower:fruit ratio;
igapo; reproductive strategy

1. Introduction

The Lecythidaceae is a tropical plant family of 300 species in 20 genera and three subfamilies [1],
of which one, Lecythidoideae, is exclusively neotropical. One genus in the Lecythidoideae, Eschweilera,
is a speciose clade of trees (94 species: Mori and Prance [2,3]; Tropicos [4]—though see Mori et al. [1]).
Although the genus occurs from southern Mexico (E. mexicana T. Wendt, S.A. Mori and Prance) to
southern Brazil (E. compressa [Vell.] Miers) and Trinidad (3 spp., incl. E. decolorans Sandwith), Eschweilera
has its greatest diversity in the Amazon basin [2]. The lowland Amazon may have 6-17 sympatric
congeneric species in unflooded lowland forest (terra firme) [5-7], and members of the genus may
dominate both numerically and by Importance Value Index [6-10]. Indeed, Eschweilera coriacea is
considered by ter Steege et al. [11] to be one of the Amazon’s hyper-dominant tree species. While the
majority of Eschweilera species occupy terra firme and other non-flooded habitats, a few species
(e.g., E. ovifolia (DC.) Nied., E. parviflora (Aubl.) Miers, E. pedicellata (Rich.) S.A. Mori, and E. tenuifolia
[O. Berg] Miers) occupy the seasonally-flooded forests of the Amazon basin.

Here we report on the flowering phenology, patterns of nectar production and animal interactions
for E. tenuifolia, a species which inhabits seasonally-flooded forest present on the margins of
low-sediment, clear, and blackwater rivers (igap—sensu Prance 1979: as clear and blackwater
forms of igap6 are floristically distinct, we will use the word ‘igapd’ in this paper to refer purely to the
seasonally-flooded forests on the margins of blackwater rivers) (Figure 1A).

Figure 1. (A) An isolated individual of Eschweilera tenuifolia in the low water season. Flood water

will touch the underside of the canopy when river-levels are highest. (B) Inflorescence of E. tenuifolia,
showing buds at varying stages of development, and open flower with clearly visible androecium.
Photos: Daniel Praia.

Eschweilera tenuifolia occurs in the igapds of central Amazonia, where it is a dominant member
of the plant assemblage and an important species in the general ecology of the region. It is a key
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component in the diet of primates, parrots, macaws, and moths, and forms part of the diet of arboreal
rodents [12,13] (Table 1). Trunks of large trees are hollow and provide roosts for bats and other
mammals (Table 1). Following seed shed, those parts of dehisced fruits that remain on trees are used as
refuges by invertebrates for nests (wasps and ants) and webs (spiders; Table 1). Seven igapd-inhabiting
species of the genus Eschweilera are known to harbor galls on the leaves and bud tips [14]. Although
E. tenuifolia is the most abundan t member of this genus in igapd [15], insect galls have not been
documented in this species, which may, potentially, be due to the high level of bioactive chemicals in
E. tenuifolia [16]. However, despite the presence of chemical substances, the species interacts with other
igapo plants alone or in association with animals (Tables 1 and 2).

Table 1. Interactions between Eschweilera tenuifolia (Lecythidaceae) and igapd animals.

Taxon Plant Part Interaction Reference
Mammals
Golden-backed uacari (Cacajao ouakary Open flowers Destructive feeding on flowers [12]
Spix 1823)
Immature seeds Extracting and eating seeds from [12,17,18]
pyxidium. Some dispersal. Seeds
over 50% of diet in some months
Germinating seeds Predation of germinating seeds on [17,19,20]
the floor of igap6 forest, when igapo
unflooded.
Young leaves Ingestion of young leaves shortly [12]
after leaf flush
White-fronted capuchin (Cebus albifrons Open flowers Destructive feeding on flowers [12]
[Humboldt 1812])
Hollow trunk Predation of Artibeus sp. bat AA Barnett
roosting inside hollow (unpublished data)
Northern Amazon squirrel Immature seeds Extricating and eating [13]
(Urosciureus igniventris [Wagner 1842]) from pyxidium
Five of rodent and two marsupial species, ~Germinating seeds Eaten when on floor of unflooded [20]
igapd, at multi-species seed patches
Collared peccary (Pecari tajacu Germinating seeds Eaten when on floor of unflooded [20]
[Linnaeus 1758]) igapd, at multi-species seed patches
Brown brocket deer (Mazama nemorivaga ~ Leaves of germinating seeds  Browsed from stems of germinating  [20]
[E. Cuvier 1817]) seeds when part of multi-species
seed patches
Lesser fishing bat (Noctilio albiventris Hollow trunk ! Colony roosting within hollow [21]
Desmarest 1818) trunk during non-flooded season.
Stripe-backed Sac-winged bat (Saccopteryx ~ Bark Roosts on outside of trunk [21]
bilineata [Temminick 1838)
White-winged Dog-faced bat (Peropteryx ~ Bark Roosts on outside of trunk [22]
leucoptera Peters 1867)
Birds
Macaws: Blue-and-yellow (Ara ararauna Immature seeds Predation of immature seeds while [12,13]
[Linneaus 1758]), Red-and-green on trees
(A. chloropterus [Grey 1859]), Scarlet
(A. macao [Linneaus 1758])
Amazon Parrots: Orange-winged Immature seeds Predation of immature seeds while ~ [12,13]
(Amazona amazonica Lesson 1830), on trees
Red-lored (A. autumnalis [Linneaus 1758]),
Mealy (A. farinose [Boddaert 1783])
Fish?
Tambaqui (Colossoma macropomum Mature seeds Ingested when, following pyxidial [23-25]; AA Barnett
[G. Cuvier, 1818]), dehiscence, seeds are floating on the  (unpublished data)
surface of igapd waters as part of
hydrochorous dispersal.
Pacu (Mylossoma sp.) Mature seeds Ingested [23-25]
Pirapitinga (Piaractus brachypomus Mature seeds Ingested [23-25]

[G. Cuvier, 1818])
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Table 1. Cont.
Taxon Plant Part Interaction Reference
Invertebrates
Freshwater sponges (Demospongiae) Trunks below flood line A generalist interaction as sponges [26,27]
also use many other trunks as a
growth substrate.
Hunting spiders (Ancylometes sp. Trunks just above the current A generalist interaction, as these [28]
Pisauridae: possibly A. jau [28]). waterline arachnids also use many other
trunks as resting and hunting
substrates.
Ant (Dolichoderus bispinosus Developing pyxidia Seen feeding on unidentified [29]
[Olivier, 1792]) material on pyxidia surfaces
(possibly exudate from insect
boreholes). The species is
aggressive, widespread and
exclusively arboreal.
Clearwing moths (Carmenta sp[p], Immature seeds > Fed on reserves of developing seeds  [12,30,31] %
Sessidae)—caterpillars (contiguous feeding trails show
individual caterpillars may feed on
multiple seeds within pyxidium)
Moths (four morpho- Developing pyxidia Found within the developing AA Barnett &
species)—caterpillars pyxidia RHP da Silva
(unpublished data)
Seed weevil (Buchinae) Developing pyxidia Found within the developing AA Barnett &
pyxidia RHP da Silva
(unpublished data)
Centipedes, woodlice, scorpions, Pyxidia with damaged Live in pyxidia AA Barnett &
pseudoscorpions, ants and beetles and/or rotting seeds and RHP da Silva
partly broken excarp (unpublished data)
Wasps (Mischocyttarus spp.), and webs of ~ Non-abcissed bases of Inverted and shaped like umbrellas, ~AA Barnett
three spider morphotypes dehisced pyxidia these act as shelters for a wide (unpublished data)
variety of invertebrates %, including
nests (Mischocyttarus wasps) and
webs (spiders)
Skipper butterflies (Hesperiidae, Young leaves Feeding [30]
Lepidoptera)—caterpillars
Stingless Bees (Melipona and Pollen and nectar Known to remove pollen from [32]

Scaptotrigona spp.)

E. tenuifolia flowers, but may not
be effective pollinators

! The hollow nature of their trunks means that terra firme members of the genus are used in this way by bats [22,33].
2 In other flooded forest species, such as E. ovalifolia, seeds are surrounded by a thin white fleshy sarcotesta, and the
seeds are ingested, then dispersed, by fish [34]. However, E. tenuifolia lacks any such arilate tissue and the seed
coat is corky and acts only as a floatation device [35]. Seeds of E. tenuifolia are also considerablly larger than
those of E. ovalifolia (2.8-5 cm length vs. 3-3.5 cm diameter: [35]. This, plus their respective shapes (fusiform vs.
pulviniform), means that observed fish-seed interactions for E. tenuifolia (e.g., with Colossoma macropomum, a typical
igap6 seed predator fish: [25]), were likely to be purely predatory. 3 While larvae of most members of this
family are wood-borers, several exploit hard seeds [36]. Species of the genus Carmenta have been raised from
seeds from a variety of Neotropical plant families, including Lecythidaceae (Eschweilera and Gustavia: [37]).
4 Though larval sessids, attributed to the genus Carmenta were recorded by both Maia [31] and Barnett [12] from
E. tenuifolia seeds, the illustrated adults have different appearances. As the study sites were on opposite sides of the
Rio Negro, they may represent different taxa. 5 Similar interactions occur with the pyxidea of ferra firme species,
except that, instead of providing rain-shelters they often provide pools of water on the otherwise pool-less forest
floor (e.g., Bertholletia excelsa [38]; Gustavia superba [39]).

The igapo forest inhabited by E. tenuifolia is inundated for up to 10 months of the year by floodwaters
up to 7 m (Figure 1A). Consequently, igapd forest tree species show a variety of physiological and
anatomical adaptations to this extended flooding and accompanying anoxia [40].
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Table 2. Interactions between Eschuweilera tenuifolia (Lecythidaceae) and other igap6 plants, and subsequent
interactions with igapé animals.

Type of Plant Interactions Reference

Epiphytes

Pionus parrots and Saimiri monkeys seen eating
infusctescences of P. solimoensis on E. tenuifolia. An
unidentified hummingbird was seen visiting A.
mertensii inflorescences on several occasions. Cacajao

Wide-ranging, sun-tolerant species

such as Philodendrum solimoesensis Barnett et al.

AC Sm (Arecac?ae) and ouakary ate the leaf bases of A. mertensii—though it g‘“‘p ublished data)
Aechmea mertensii (G. Mey.) Schult. lear if thi for th lent water—ich [41]
& Schult.f (Bromeliaceae). was unclear if this was for the succulent water-ric

material there, or the larvae of Metamasius weevils

known to inhabit these areas ”.

Selenicereus wittii is reported to be pollinated by
Occasionally, Selenicereus wittii Amphimoena and Cocytius hawkmoths ?, but no
(Cactaceae) was seen, adpressed to the  flowering individuals were found for confirmatory
main trunk, but only above the observation.
highest water-mark. Euglossine bees were seen visiting the flowers of G. ¢ [42,43]
The water-dispersed orchid Galeandra  devoniana, these are the putative pollinator of the 91y an
devoni : i 10 [44]

evoniana M.R. Schomb. ex Lindl was  species ™. 10 [45]

also quite common on smaller Colonies of C. crassifolia are obligatly associated with 1, [46]
specimens whose canopies were colonies of Crematogaster longispina (Formicidae) 1!, ~ , 12
inundated annually. in whose nests they are rooted. Leaves were eatenby {3 { 47}
More shaded specimens had colonies  C. ouakary (who would rip of a part of the plant and
of Codonanthopsis crassifolia (H. Focke)  eat it at a distance to avoid the ants) 12. Members of
Chautems & M. Perret (Gesneriaceae), the genus are pollinated by small bees 13__this was
a creeping herb 8. confirmed by field observation, though taxa could

not be captured for identification.

Individuals of this mistletoe species were seen
Phoradendron poeppigii Van Tiegh.) occasionally on E. tenuifolia trees. Immature

. . [12]

Kuijt (Santalaceae) inforescences were removed and eaten by C. ouakary.

Euphonias and other small birds removed fruits.

When igap6 was unflooded inflorescences and

above-ground stypes of these obligate, but non-host

specific, root parasites were seen close to E. tenuifolia
Root parasites trunks and exposed roots 4. Inflorescences were 14 148]
Helosis cayannensis (Sw.) Spreng. seen being visited by small flies (Tachninidae). These 15 [49]
(Balenophoraceae) are considered the main pollinator in this genus 15 16 [50]

though weevils of the subtribe Oxycorynina (Belidae:
Oxycoryninae), which are only found in association
with Baleophoraceae, may also be involved 1°.

Varying levels of inundation tolerance lead to marked banding-like zonation in the species
composition of the igapo tree assemblage [51]. Of these, E. tenuifolia is one of the most highly adapted to
prolonged inundation [52]. Such tolerance means it can be found throughout the igapd forest [51], and it
may form near-monodominant stands (macacaricurizais) in areas where inundation is too prolonged for
other species to survive [53]. The rigors of life in such a challenging environment mean that individuals
grow very slowly (1.5-1.7 mm per year), although for extended periods (400-800 years [54]). Phenology
is strongly linked to the seasonal inundation pulse in igapd [55], starting as the water level drops,
continuing through the brief period when the igapo forest floor dries up, and until the start of the new
flooding season [31,56]. Individuals may reach 18 m in height, and have canopies with surface areas of
up to 29 m?, and up to 106 inflorescences per canopy simultaneously [12]. Mass of seeds produced
per year is substantial, with means of 55 g per m? of canopy, and 5798 g per plant [12]. However,
while collectively the fruit and flowers of the species are available every year, it is rare for individual
plants to flower abundantly in two sequential years (AA Barnett and W Souza Silva, unpublished data).
Thus, the general pattern is a high-yield year followed by a low-yield year. While this is not biennially in
the strictest sense, it is such a strongly marked alternate year pattern, that we believe it can functionally
be treated as such.
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In the genus Eschweilera, flowers are strongly zygomorphic and heterantheric. Flowers are large,
robust and fleshy, with the infertile stamens on one side of the androecium fused and form a hood
covering the ovary (Figure 1B), within which lies the source of nectar. Below lies a staminodal
ring which contains anthers with fertile pollen [57,58]. The floral biology of E. tenuifolia has only
been studied previously in terms of phenology [56]. However, studies of other members of the
genus (E. bogotensis R.Knuth. [59]; E. decolorens [58]; E. garagarae Pittier [60]; E. longipes Miers [58];
E. nana [O.Berg] Miers [61]) have reported the presence of nectar at the end of the coiled section of the
non-differentiated tissue in the androecial hood. This nectar is accessible once a pollinating bee forces
open the hood. Such bees usually land on top of the androcial hood, then invert their bodies and,
in this sternotribic position, push themselves into the gap between the basal ring and androecial hood.
They then move in further to reach the nectar, receiving pollen from the fertile anthers of the basal ring
in the process [62]. Together, the size and weight of the hood greatly reduce ingress by smaller-bodied
nectar and pollen thieves [63]. Members of the Xylocopine genus Xylocopa and the Euglossine genus
Eulaema are known pollinators for Eschweilera (e.g., E. decolorans and E. longipes [58]; E. ovata [64];
E. nana [65]). Members of the Meliponin stingless bee genera Melipona and Scaptotrigona remove
pollen from E. tenuifolia [32]. However, many meliponines are pollen thieves [66,67], including of
Lecythidaceae [68], so it is not yet certain whether they are true and effective pollinators. The flowers
are the focus of a complex interaction between xylocopid bees and golden-backed uacari monkeys
(Cacajao ouakary), where the presence of the former appears to deter the latter from eating E. tenuifolia
flowers (AA Barnett, unpublished data). Although some members of the closely-related [69] genus
Lecythis are night-pollinated (e.g., Lecythis poiteaui O. Berg, principally pollinated by bats, but also visited
by bees and moths [57,70]), all known members of the genus Eschweilera are day-pollinated [2,65].

Fruit in all Lecythidaceae are in the form of a lidded pyxidium, which may or may not be
dehiscent [71] (Figure 2) Such fruits are often large and with a highly sclerified pericarp. In addition,
levels of seed set in the genus appear to be very low (1.48% for E. bogotensis [59]; 0.0036% for E. nana [65]),
and this is also true for many members of the family. It has been suggested that the low level of
seed set is due to soil nutrient poverty [72] and energetic limitation caused by investment in such
energetically-demanding fruit [59].

Figure 2. Mature pyxidium of Eschweilera tenuifolia, showing multiple seeds and dehiscent cap.
Photo: Naara Ferreira da Silva.
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However, despite the numerical and ecological importance of the species in igapd, phenology of
E. tenuifolia has been the subject of only one focal study, conducted by Maia [31] (see also Maia and
Peidade [56]). This 17 month study showed that E. tenuifolia follows a leaf drop/leaf flush/flowering
pattern (one of the three phenological patterns identified for Lecythidaceae by Mori and Prance [3]),
and had the flowering form termed “steady-state flowering” by Gentry [73]. Maia [31] also found
both leaf and flower production to be strongly linked to the annual flood pulse, with an annual leaf
flush in August, and flower production extending across five months (September through January)
during the ebb, lowest water, and flooding periods in igapo. The species was classified as deciduous
(“bare of leaves for at least three weeks”) by Parolin et al. [74]. The only other phenological study of
an igapo member of the genus, E. parviflora, reported a similar temporal patterning: the timing was
offset depending on the extent of inundation [75]. However, both studies [31,75] left open several key
questions regarding the floral biology of Eschweilera.

Accordingly, we undertook a study of the floral ontogeny, the extent of insect predation of
developing flower buds, and the diel cycle of nectar production in E. tenuifolia, quantifying flower size
and weight and speed of development, to test the following predictions:

(1) Insect predation of E. tenuifolia flower buds and flowers will be high (operationally defined as
over 50 % of buds).

(2) High levels of bud and flower insect infestation will result in low flower:fruit ratios.

(3) Visitation of anthers by pollen predators will occur only once flowers have opened and access is
thus facilitated.

(4) Nectar production will occur during daylight hours, and nectar characteristics will meet the
criteria for bee-pollinated plants.

2. Materials and Methods

2.1. Study Habitat: Igapo

In igapd, inundations may reach 7 m and last for up to 10 months (Prance [76]). Igapd is characterized
by a comparatively low per-hectare tree species richness (approximately 60/ha [52], compared to
120-200/ha in neighboring never-flooded forests [77], and a flowering and fruiting phenology that
is linked to the annual peaks in river water levels [78]. Because of the low-sediment content of
their waters, the floodplains of blackwater rivers are not extensive, rarely exceeding 200 m in width [79].
However, differences in inclination are sufficient to generate differences in inundation duration across
this distance that last from 1 to 10 months. Differences in flood tolerance mean tree species have banded
horizontal distributions within the igapd, as well as vertically on hummocks (borokotoh) within it [51].

2.2. Study Site

Jat National Park (1°53"15” S, 61°41’25” W) is a 2.2 million ha protected area that forms part of the 6
million ha Central Amazonian Ecological Complex [80]. It is located on the south bank of the Rio Negro,
some 230 km upstream from Manaus, the capital city of Amazonas State, Brazil (Figure 3). Regional
climate is typical of that for the central Amazon Basin, with seasons defined by rainfall and river
flooding. Flooding is highest during June and July, when floodwaters can reach 6-10 m. Average rainfall
varies between months, being 1750 mm between July and September and 2500 mm from December
to April. In May-June and October-November, there is usually little rain [12]. The predominant habitat
in Jau National Park (JNP) is never-flooded, lowland tropical forest (terra firme: approximately 80% of
the park), followed by seasonally-inundated river-margin forest (igapd: 12% of the park), white sand
vegetation (campina: 4%), and palm and aroid swamps (buritizal and aningal, respectively: 3% of the
park [51]). The human population does not exceed 1000 people and human-modified areas cover less
than 0.1% of the park surface. Additional information on the vegetation at JNP can be found in Ferreira
and Prance [77] and Vicentini [81].
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Figure 3. Map, showing location of Jai National Park (JNP), within Brazilian Amazonia showing study
locations within Jat National Park, central Brazilian Amazonia, based around the villages at Pattia and
Seringalzinho. For descriptions of sites i-iii, see Table 3. Cartography: Natalia Kinap.

Table 3. Type of sampling effort and its spatial and temporal distribution.

8 of 28

Study Area Study Type Prediction Year(s) Number of Individual
(See Map, Figure 4) Y yP Associated with Trees Sampled
i Preliminary data on 12 (outside the 2006-2008
(Seringalzinho) flower ontogeny and 4 1999 phenology plots)
timing of nectar yields
Counted for all 134 E. tenuifolia
ii Number of X (supplementary trees (of 137 present and above
(Patud) inflorescences data) 2006-2008 10 cm DBH) ! that flowered
per canopy in 2007
i Survivorship of flower Marked buds from the 130
(Patus) buds to button stage of 2 2006-2008 trees in the phenological study
fruit production plots that produced fruit
No specific trees involved;
ii, iii Collection of aborted 5 20062008 material collected ad libidum
(Patua) buds and flowers when encountered floating on
water surface.
i An&z)lf}’is;sv:itteier;; tent 396 buds and 200 flowers from
(Patus) infestation of flowers 1,3 2006-2008 11 trees outside the phenology

and flower buds

study plots

1: DBH = Diameter at Breast Height.
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Figure 4. Eschweilera tenuifolia fruits—Mature pyxidia (above), and immature “button stage”
pyxidia (below). Photo: Adrian Barnett.

Within NP National Park, initial studies were conducted during visits to the Seringalzinho region
(1999) and Patua (2000) regions (see [13,21,82-84]). The main study took place between October 2006
and April 2008, as part of a broader study of golden-backed uacari (C. ouakary) ecology [30,85,86].
Follow-up data were collected during a return visit to Seringalzinho in 2015 (for all study locations,
see Figure 3.)

2.3. Field Measures

Data were collected from three areas within the park: (i) a macacaricuizal near the village of
Seringalzinho; (ii) the area near the village of Patua bounded by six 0.25 ha plots used to monitor igapd
phenology during the 20062008 study; (iii) the remainder of the 2000 ha area used to study the ecology
of the golden-backed uacari in 2006-2008 [12,51,87] (Figure 3; Table 3). In total, data were gathered
from 194 individual E. tenuifolia trees (originally N = 197, but three trees were excluded when they did
not flower). For clarity, the distribution of sampling effort is shown in Table 3, with the locations of
each study shown in Figure 3).

To test predictions 1-4, we implemented the following field techniques, for which data were
collected from paddled wooden canoes during ecological field studies of uacari monkeys (see [88] for
details on overall field methods).

Prediction 1—Insect predation of E. tenuifolia flower buds and flowers will be high. A total of
200 open E. tenuifolia flowers and 396 buds were removed from a total of 11 E. tenuifolia trees that were
not used in any other part of the study. Buds and flowers were numbered, stored in lidded containers,
and then processed within two hours at the field station lab. Buds and flowers were then measured,
graded for size, and weighed in units of 10 similar-sized units using an electronic balance (Salter-1250).
All were examined for indications of the presence of invertebrates (larvae of Coleoptera, Diptera,
Lepidoptera; imagos of thrips (Order Thysanoptera), aphids and small beetles such as staphylinids,
plus mites), or their signs (burrows, emergence holes, frass, discoloration). Thrips were identified
using characters in Mound [89]. To calculate mean weights of contained material, plant material was
reweighed after invertebrates were removed (reliable measures of resident insect mass at the individual
bud or flowers level was not adopted, due to the 0.1 g sensitivity of the balance).

To analyze insect content, flowers were individually dissected with a scalpel, and encountered
insects removed. All collected specimens were identified to class, then stored in 70% ethanol.
For comparative analysis, buds were divided into four operational size-based classes: stage 1 (S1):
small buds, maximum diameter 4 mm; stage 2: medium 4-8 mm; stage 3: medium-large buds,
8-10 mm; and stage 4: large buds 12 mm and above, with petals just beginning to unfurl. The sequence
was completed by opened flowers (stage 5).
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When retrieving infesting insects, the extent of damage made by burrows and feeding activity
was estimated by eye into five categories: no (obvious) damage; light (obvious damage to 25% of
androecium); medium (obvious damage to 25 to 50% of androecium); medium-heavy (obvious damage
to 50 to 75% of androecium); and heavy (obvious damage to more than 75% of androecium).

Prediction 2—The high levels of bud and flower insect infestation will result in low flower:
fruit ratios. To track fruit development to the button stage of pyxidial growth (Figure 4), individual
inflorescences on trees in the phenology study plots were marked on the peduncle with a number
written in waterproof ink (initial attempts to use flagging tape or fine cords for marking, as used
in several Bertholletia studies and by Krause [64] for E. ovata, were not successful due to squirrels
removing the items for use as nesting material). This pyxidial development stage was chosen since it is
not one consumed by the major fruit predators of E. tenuifolia, macaws (Ara spp.), and the primate
C. ouakary [12,13]. Since it was possible that, once a flower was pollinated, others in an inflorescence
would be aborted or, resources selectively diverted at some point in the maturation process to one
fruit on an inflorescence, a single flower was marked on 5 inflorescences on each of the 134 trees that
produced flowers in 137 of the phenology study plots, for a total of 670 flowers. Progress was tracked
during monthly phenology recording visits. In addition, all encountered fallen buds and flowers were
collected when encountered. If both the stem and basal plate of the pedicel of a fallen bud was intact,
that bud or flower was considered to have been aborted and was then analyzed by the extent of internal
damage, as categorized above.

Prediction 3—Visitation of anthers by thrips and other invertebrate pollen predators will
occur only once flowers had opened and access was facilitated. Small invertebrates (thrips, mites,
and other taxa) were extracted from the surface of the infertile anthers with a small paintbrush, counted,
and stored in alcohol-glycerin-acetic acid, following Lewis [90]. This extraction was performed for
both flower buds and open flowers.

Prediction 4—Nectar production will occur during daylight hours, and will be constant across
the production period. In 1999, a sample of 360 undamaged flowers was used, with 10 sampled at
hourly intervals from 06.00 to 18.00 h. We used three sets of 120 flowers per day, with a different set
of 120 flowers from a different set of 12 trees on each of three successive days, to avoid any possible
responses by trees to flower removal during sampling). To avoid any effects that flower damage
during sampling might have on nectar production, each flower was sampled just once: it was removed
from the tree and nectar accessed following a longitudinal cut across along the androecium hood [64].
Nectar sugar concentration was measured with a Brix refractometer [91], and volume production
estimated with a graduated 5 puL micropipette and calipers [92,93]. In addition, nocturnal nectar
production in E. tenuifolia flowers was assayed with sampling at 22.00 and 00.00 h in 1999, and at 02.00
and 04.00 h in 2000. In 1999, 16 flowers from three trees (3, 6, and 7 flowers each) were sampled
at 22.00 h, and 11 from a single tree at 00.00 h. In 2000, 9 and 17 flowers were sampled from two
individual trees, at 02.00 and 04.00 h, respectively. These trees were selected from those used for
sampling diurnal nectar volumes.

2.4. Statistical Analysis

Regression analysis was used to test for a relationship between the number of inflorescences per
crown and crown size, and between the number of inflorescences per crown and diameter at breast
height (DBH).

A chi-square test was used to test for a difference between the proportion of buds and of open
flowers that were infested by invertebrates. This was performed both for each bud development
category, and for all bud categories combined. A Kruskal-Wallis test was used to test for differences in
insect mass between buds and the open flowers. In both infestation rates and insect mass, comparisons
were made between flowers and each bud development category (stages 1-4) separately, and then for
all bud categories combined. A Mann-Whitney U test was then used to test for differences between
buds and flowers in the percentile of the plant material (bud or flower) that these total insect masses
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represented. Because of the possibility that insect larvae would enclose before the flower opened,
a Mann-Whitney U was used to test whether there were differences in infestation rates between stage
3 buds and flowers and, separately, between stage 4 buds and flowers. A chi-square test was used to
test for differences in infestation rates across the four bud development stages, stage 1 to stage 4.

Mann-Whitney U tests were used to test for a difference in infestation rates between open flowers
and buds (with the smallest bud class excluded); a difference in insect mass between buds and open
flowers (all development stages combined); and a difference in insect mass between buds (in stages
3 and 4) and open flowers. Chi-squared tests were used to test for differences in the percentage of pollen
predators in buds versus flowers; a difference in damage rates between aborted and non-aborted buds
(all developmental stages combined); a difference in damage rates between aborted and non-aborted
buds within each of the four size classes of buds; and a difference in damage rates between aborted
and non-aborted flowers.

Lastly, the regularity of nectar production was analyzed with a Mann-Whitney U test by comparing
both the nectar volumes and concentrations produced for hourly diel samples. We then ran a regression
to test whether nectar volume and nectar concentration (separate regressions) increased linearly from
early morning to afternoon. All statistical analyses were conducted using SPSS 25.0.

3. Results

3.1. Floral Characteristics

Eschweilera tenuifolia flowers occurred in racemose inflorescences towards the ends of branches,
and contained between 5 and 18 flower buds (mean + SD: 11.04 + 2.83, N = 100). The number of
inflorescences per tree varied greatly (0 to 53 in 2007, mean + SD: 27.49 + 15.52, N = 134 trees),
and showed little relation to tree canopy size (r*> = 0.6841, p = 0.00096 for 2007 r> = 0.7047, p = 0.584
for 2008, N = 15) or DBH (r? = 0.5979, p = 0.002 for 2007; r* = 0.5359, p = 0.565 for 2008, N = 15) (Table 4;
Figure 5). Generally, only one flower per inflorescence was open at a time: of 100 inflorescences,
82 had one, five had two, and three had three flowers open simultaneously. The number of inflorescences
was also not consistent for individual trees between years (Table 4; Figure 5). Of the 12 trees for
which data were available in both years, 11 had more inflorescences in the first year, showing a mean
drop of 83.2% SD =+ 6.1. This is consistent with strong biennial variation in reproductive investment
(discussed below).

Table 4. Sequential year inflorescence number, diameter at breast height (DBH) and canopy surface
area for Eschweilera tenuifolia.

DBH  Canopy (Length Canopy Curved Number of I’e'rcentage
Tree ID (em)!  x Height, in m) Surface Area (m2) 2 Inflorescences Difference
! in 2007/2008 between Years
1 114 35x15 19.23 46/13 -71.7
2 78 28x25 12.31 5/-
3 75 26x18 10.61 29/5 -82.7
4 86 3.0x28 14.13 38/-
5 48 1.8x2.1 5.09 17/2 —88.2
6 66 2.6x2.0 10.61 31/8 -74.2
7 53 27x21 11.45 28/-
8 101 41x32 26.39 47/8 -82.9
9 94 3.5x%x28 19.23 37/5 —-86.5
10 57 24x18 9.04 2/19 +850.0
11 68 2.7x20 13.25 31/6 -80.6
12 81 27x22 13.25 34/7 -79.4
13 74 31x14 15.09 32/3 -90.6
14 86 28x22 12.31 24/2 -91.7
15 105 3.8x24 21.67 53/7 -86.8

1. rounded down when 0.1 to 0.49; rounded up when 0.5 to 0.99; 2 calculated as 272
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Figure 5. Number of Eschweilera tenufolia inflorescences in sequential years for trees of differing diameter
at breast heights (DBHs), Jat National Park, central Brazilian Amazonia.

The mass of 100 complete, uninfested and fully-open flowers was 627.4 g, and the androecial hoods,
when weighed separately, contributed 427.0 g (68.1%) of the mass. Mean flower dimensions were:
5.9 + 0.3 cm from tip to tip of the two largest petals (range: 5.3-6.7 cm, N = 100); 1.9 + 0.3 cm in length
(range: 1.2-2.5 cm, N = 100); 1.5 + 0.2 cm in height (range: 1.3-2.4 cm, N = 100); and 1.7 + 0.3 cm
(range: 0.8-2.4 cm, N = 100) in width for the androecium.

Inflorescence formation began in September, following leaf flush. However, speed of bud
development varied between plants, with some becoming open flowers within 30 days and others
taking 60 days or more.

3.2. Insect Predation

Infestation intensity: Of the 396 buds and 200 flowers, 58.8 and 73.0%, respectively, contained
insect larvae. Within the tissues of 233 infested buds, we found a total 873 larvae from 10 different
morphotaxa (3 Coleoptera, 5 Diptera, 2 Lepidoptera: mean no. individuals per bud (+SD), 3.74 + 1.74,
range 1-9; mean no. morphotaxa per bud (+SD), 2.50 + 1.10, range 1-5). The 146 infested flowers had
394 individuals of four morphotaxa (2 Coleoptera, 1 dipteran, 1 lepidopteran: mean no. individuals per
flower (£SD), 2.69 + 0.65, range 1-4; mean no. morphotaxa per flower (+SD), 1.94 + 0.80, range 1-3).
These infestation levels of buds and flowers were statistically different for the number of larvae
(x*> =11.50, df 1, p < 0.001). Mean (+SE) numbers of insect morphotaxa on buds and flowers were
2.50 + 0.073 and 1.95 + 0.066 respectively. The number of morphotaxa on buds was significantly greater
than on flowers (t = =5.27, df = 377, p < 0.001).

Relative masses of plant/invertebrate material: In terms of comparative masses, the mean value for
infested buds weight (all stages) was 5.53 + 1.08 g (range: 4.1-6.65 g), with 17.93% =+ 10.82 (range:
7.30-32.00%) of this being insect larvae. For infested flowers, mean mass per whole flowers was
5.37 + 0.147 g (range: 5.17-5.65 g), with infesting larvae comprising 11.17% =+ 2.76 (range: 5.80-16.30%)
of a flower’s weight. Both proportional and absolute masses of infesting insects changed during
flower development, with the greatest values recorded in stage 3, before flowers began opening
(stage 4; Figure 6).

Infestation intensity by bud size: Of the buds analyzed, 28.00% (43 of 150) of the small (stage 1) buds,
80.10% (98 of 121) of the medium (stage 2) buds, 88.60% (78 of 88) medium-large (stage 3) buds,
and 37.00% (14 of 37) large (stage 4) buds were infested (though extents of infestation varied).
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Within these size classes, these differences were significant (x? =54.58,df = 3, p < 0.001). However,
mean infesting insect mass was significantly lower in flowers than in buds, both overall (H = 19.859,
p < 0.01), and when only large buds (stages 3 and 4) were used (U = 3.706, p < 0.001; U = 2.24, p = 0.025:
for stages 3 and 4, respectively). In summary, we found support for the prediction that infestation
would be high.

35

31.93%

30
25
20
15

- 11.49%

Mean Invertebrate Weight (%)

Stage 1 Stage 2 Stage 3 Stage 4 Flowers
DevelopmentalStage

Figure 6. Mean proportional weight of invertebrates in developing buds and flowers of
Eschweilera tenuifolia.

3.3. Flower:Fruit Ratios

In terms of the extent of damage of aborted and non-aborted buds, a total of 86 aborted buds
(stage 1: 27, 31.4%; stage 2: 10, 11.6%; stage 3: 15, 17.4%; stage 4: 34, 39.6%) and 53 aborted flowers
were collected and analyzed. Percentages of damage by damage class (light-heavy) for aborted and
unaborted buds by developmental stage (stages 1-4) are given in Table 5. The percentage of aborted
and non-aborted flowers by insect damage category is given in Table 5 (as stage 5). Damage level
differed across size classes for buds that were aborted ()(2 =526.1, df = 12, p < 0.001), and for buds that
remained on the tree (x* = 124.0, df = 12, p < 0.001). While aborted buds generally had greater levels of
damage when larger, there was no clear pattern for buds that remained on the tree; the smallest and the
largest two size classes had the greatest percentage of their buds in the category of no obvious damage
(Figure 7). In all, when the two lowest damage categories were combined, three of the four size classes
for buds remaining on the tree had 90% or more of their samples in these two categories; the third size
class had 75% of its samples in the two low-to-no damage classes. Comparatively, only the smallest size
class of buds that were aborted (stage 1) demonstrated no obvious damage or light damage (Table 5).

Table 5. Degree of damage by infesting invertebrates on aborted and unaborted buds (Stages 1-4),
and flowers (Stage 5) of Eschweilera tenuifolia.

Damage Category (N, % of class)

A= Aborted .
Size Class (N) U = Unaborted No Obvious Light Medium Medium-Heavy Heavy
Damage
(from Tree)
Stage 1 (27) A 5 (18.5%) 15 (55.5%) 7 (26.0%) 0 (0.0%) 0 (0.0%)
Stage 2 (10) A 0 (0.0%) 0 (0.0%) 8 (80.0%) 2 (20.0%) 0 (0.0%)
Stage 3 (15) A 0 (0.0%) 0(0.0%) 0 (0.0%) 11 (73.0%) 4 (27.0%)
Stage 4 (34) A 0 (0.0%) 0 (0.0%) 2(5.9%) 17 (50.0%) 15 (44.1%)
Stage 1 (150) 8) 107 (71.3%) 39 (26.0%) 4 (4.7%) 0 (0.0%) 0 (0.0%)
Stage 2 (121) U 23 (19.0%) 86 (71.1%) 12 (9.9%) 0 (0.0%) 0 (0.0%)
Stage 3 (88) U 10 (11.4%) 56 (63.6%) 20 (22.7%) 2(2.3%) 0(0.0%)
Stage 4 (37) 8] 23 (62.2%) 10 (27.0%) 3(8.1%) 1(2.7%) 0 (0.0%)
Stage 5 (53) A 3 (5.7%) 15 (28.3%) 26 (49.1%) 7 (13.2%) 2 (3.8%)
Stage 5 (200) 8] 54 (27.0%) 127 (63.5%) 18 (9.0%) 1 (0.5%) 0(0.0%)
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Overall, there was a pronounced difference between the extent of damage to buds that were
aborted from the tree (and so were found floating on the water surface) and those that remained on
the tree (and were thus considered unaborted) (x? = 99.2, df = 4, p < 0.001). For example, only 5.8%
of the aborted buds showed no obvious damage, while 41.2% of the buds on the tree showed no
obvious damage (Figure 7). When the aborted buds and those buds that had remained on the tree were
compared within each of the four size classes, these differences held for each of the four size classes
(stage 1; X2 =5649,df =4, p <0.001; stage 2: 2 =164.76,df = 4, p < 0.001; stage 3: x2=191.08, df = 4,
p < 0.001; and stage 4: X% =176.10, df = 4, p < 0.001).

The extent of damage also differed between flowers that had been aborted and flowers that
remained on the tree (x> = 70.26, df = 4, p < 0.001). Only 5.8% of aborted flowers had no obvious damage,
while 27.0% of the flowers on the tree showed no obvious damage (Figure 7, stage 5). In addition,
on some study plants, up to 25% of flowers had 1 to 3 petals all or partially removed by leaf-cutter
bees (Megachilidae).

Of the 134 trees in the study that flowered, 97.01% (N = 130) produced fruit. However, of these
130 trees, three trees died or suffered tree-fall damage during the study. Of the 635 inflorescences on the
remaining 127 trees, 5.83% (N = 37) disappeared during the monitoring process. Thus, calculations were
based on 598 inflorescences and the single flower monitored on each of these inflorescences. In total,
3.5% (21 of 598) of marked flowers produced fruits that reached the button stage of development.
Since testing for infestation was destructive, it was not possible to say whether flowers that did not
produce fruits were infested with insect larvae or not. However, the percentage of aborted stage 3
and stage 4 buds with internal damage levels categorized as ‘high’, was significantly higher than
those remaining on the tree (Figure 7, stage 5). For flowers, significantly more aborted flowers
showed damage to anthers than did flowers that were removed from the tree for analysis (Figure 7).
Thus, while we cannot offer direct evidence that the flowers that developed into fruits were uninfested,
or only lightly infested, and those failed to produce fruits had heavy infestation and were aborted,
we believe that this is a reasonable inference from the available data.

3.4. Pollen Predation

Thrips, mites, aphids or staphyllinid beetles were present in 1.8% (N = 7) of buds, and 49%
(N = 98) of flowers; there was a statistical difference between infestation levels of buds versus flowers
(x*> =201.56, df = 1, p < 0.001). In the flowers, the great majority (not counted, but visually estimated at
over 80%) were found on the infertile ‘fodder pollen’ of the adroecial hood. Thrips from two families
(Phlaeothripidae and Thripidae) were identified, although 30% remained unassigned.

3.5. Nectar Production

A total of 720 flowers were sampled in daylight and 53 at night. There were strong peaks in
nectar production between 06.30 and 10.00 h. Little or no production occurred after 13.00 h and
none between 15.00 and 18.00 h. None of the flowers collected after dark showed any evidence of
nectar production (Figure 8). Brix sucrose levels averaged 37.4% + 3.65 (range: 29—44%, N = 275).
With zero values removed, nectar volumes varied between 10 and 560 pL. (mean 171.7 uL, SD + 125.2 ulL,
N = 322 (Figure 9). Temporal variations in both sugar concentration and nectar volume were observed
(Figures 8 and 9), with low initial volumes and concentrations very early in the morning, presumably
before photosynthetic products were available for mobilization, after which levels largely stabilized
until a rapid decline in the early afternoon. There was no recorded nectar production at night (Figure 8).
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(b) = day 2, and (c) = day 3.

4. Discussion

Levels of fruit set in Eschweilera are generally low (e.g., 0.0036% [65]), and this appears common
in the family, having been observed for other genera within the Lecythidaceae, e.g., 0.4% for
Betholletia [72,94] (Couroupita [95]; Lecythis [96,97]). Therefore, it is curious that levels reported
in the current study were much higher (21/598: 3.5%), especially since soil nutrient poverty [59] and
energetic limitation [59] have been advanced as explanations for low fruit set in species living in habitats
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that are far less challenging than the igapd inhabited by E. tenuifolia. However, the result may be a
methodological artefact, since previous studies did not specify the developmental stages at which study
fruits were enumerated. In our study, since we aimed to avoid the impact of predation by vertebrate
seed predators during a study of the impact of invertebrate bud predators on fruit set, counting was
paused at an early stage in pyxidial development. Though methodologically valid, our methods may
have led to higher values being tallied, thereby limiting comparisons with earlier studies, which would
have included the later, larger, stages at which vertebrate predation typically occurs. In addition,
hand-pollination of E. ovata gave 85% fruit set [64], suggesting that other factors, such as pre-pollination
abortion of flowers, may be involved in the low fruit set values otherwise observed.

Commercial crop reduction is often impacted by insect infestation of flower buds [98-100],
and this may also occur in E. tenuifolia. The highest proportion of infested buds was found in stage 3
(medium/large). Stage 4 (large), the stage at which petals would unfurling, had fewer infested buds than
the immediately preceding stages. This may be related to the high rate of bud abortion observed prior to
flowers opening to attract pollinators. This has been found to occur by other plants as a response to bud
infestation [101-104], and it may be common in Lecythidaceae: bud infestation and low rates of fruit set
have been noted in previous studies [59,60,65]. Lecythidaceae flowers generally have very well-defined
abcissional plates [105], and abortion of insect-infested buds has been recorded in some members
of the family (Eschweilera bogotensis [59]; Napoleonaea vogelli Hoolv. [106]). In any case, flower:fruit
ratios in Lecythidaceae appear to be low compared to those of other tropical trees, and in the range of
values of species where these ratios are considered low (Myristica insipida R.Br. Myristicaceae, 1% [107];
Grevillea spp., Proteaceae, 0.015-0.096 [108]).

Mean infesting insect mass was significantly lower in the flowers than buds, both when all four
bud stages were considered and when only large buds (stages 3 and 4) were used. The proportion of
infested buds also dropped dramatically between stages 3 and 4. From this, the plants appear to be
selectively aborting infested buds, a well-known response to infestation [102,109]. The subsequent
rise in percentage infestation in flowers is likely due to a second wave of infestation, with either
(i) the maturation at the flower stage of many small larvae laid at the bud stage, but not seen or
(ii) infestation and rapid growth of larvae in flowers once open. As the larvae of the beetles studied
by Udovic [109] require a week to develop in a bud, and bud-infesting moths appear to require a
similar minimum [110], option (i) is perhaps the most likely. However, both mechanisms would give a
two-phase infestation pattern, so that further work is required to discover which is in operation.

The notable change between stages 3 and 4 in the proportion of the mass of the bud represented
by infested insects and by the proportion of buds that were infested indicates that buds grew up to a
point (stage 3) and then, if infested, tended to be aborted after this. Thus, flowers that opened were
those that were either (i) uninfested or (ii) had insufficient infestation to trigger abortion responses by
mother plant (which are generally chemically-mediated and have critical threshold levels [111,112]).

Distribution of damage categories as the buds developed showed likely early abscission of
uninfested buds in stage 1 (Figure 7) as a means of reducing on-inflorescence competition between
fruits [113], as well as the trend for proportional increases in infestation as buds mature (Figure 7,
stages 2—4). The overall impact of insect damage on bud abortion may be seen in the over-representation
of stage 4, in the sample of aborted buds. Aborted flowers were significantly more heavily infested
than flowers on trees. Thus, it appears that infestation of buds and flowers can reduce the number
of locations for pollination (and perhaps the number of flowers that have been pollinated that can
go on to develop fruits), which, overall, contributes to lower fruit set and reduced flower:fruit ratios.
Indeed, as noted by Herrera et al. [114], fruit set is pollen limited in many animal-pollinated plants,
so that there may often be more flowers available than can be visited and pollinated by local
pollinator populations.

There may be some bias as, when floating, more heavily infested buds and flowers may have
been eaten preferentially by fish (many igap¢ fish using allochthonous materials due to low aquatic
system productivity [115,116]). While this would only have occurred once igapé was well-flooded,
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it may have caused underestimation of heavily infested categories. Additionally, the damage categories
were deliberately broad to guarantee reasonable numbers for statistical analysis. However, as a result,
finer patterns may have been obscured. This could be resolved with larger samples and more precise
damage percentage categorization. Additionally, it is acknowledged that, in later stages, it is not
possible to be certain whether observed damage resulted from recent insect activity, or whether it is
the result of smaller-sized activities whose dimensions have grown as the bud expanded. However,
either way, if the overall fitness of the organ as a reproductive module is impeded (by herbivory,
for example), this may be what determines whether the bud or flower is aborted or not [117,118].

In terms of energy balance, rapid detection and subsequent abscission of infested buds is favorable
for the overall reproductive success of an individual plant, as a flower resulting from an infested
bud may be inviable due to anther [109] or ovary damage or removal [119]. Further, a flower may
not attract pollinators if, as a result of larval action [120,121], lacks nectar or other products that
attract pollinators once the infesting larvae have destroyed the nectar-producing glands [122,123].
These, together, can result in the attraction of fewer pollinators and/or setting fewer seeds.

Future studies should investigate if bud infestation has an adaptive component, since having
some already infested buds may protect the uninfested buds, by making them (a) the few
among many, and so harder to find—possibly triggering search abandonment by egg-laying females
via implementation of optimal giving-up time strategies; (b) increasing the chance that, if female
invertebrates do lay eggs, that they will deposit on a bud that is already occupied and so not
impact currently uninfested buds; (c) reduce the chances attack by parasitoid wasps, since larger,
already present, larvae are more likely to be detected and/or encountered by prey-seeking wasps.
Alternatively, it may be that insect larvae secrete chemicals that disrupt the plant response systems
into responding as though there is no threat (“thinking that all is well” [124]). By virtue of the size
and abundance of the flowers, the E. tenuifolia flower/insect system allows investigation of such subtle
interactions, and so further investigation is encouraged.

Thrips, small beetles and other potential pollen predators were almost entirely absent from buds.
Therefore, we found support for the prediction (prediction 3) that visitation of anthers by pollen
predators would occur only once flowers had opened and access was facilitated. Levels of flower
infestation by thrips, mites and staphylinid beetles was fairly high (49%) in the current study. All these
invertebrate taxa contain members that are known predators of pollen [125-127]. However, without
detailed studies, it is not possible to be certain that this was the case here (though it must be
considered very likely). If they were predators, then the higher rates of mite and thrip infestation
on the upper, infertile, anthers may indicate that such pollen functions sacrificially, reducing the loss
of fertile pollen. However, other studies of Lecythidaceae mention mites and thrips present in and
between anthers [95,128], and the relative proportions of distribution between the two anther types
may do no more than reflect their relative surface areas. However, it is clear that the buds have very low
levels of thrip, mite, aphid and staphylinid infestation, which is likely due to the mechanical difficulty
they would face in entering a closed bud unaided, since most species of such pollen predators are
phoretic [129,130], and so would be unlikely to colonize a flower until pollinators can visit it. In terms
of pollen loss to thrips, while Thripidae includes many pollen feeders, the majority of Phlaeothripidae
species are fungus feeders or carnivorous [89,90]. Thus, at least a proportion of the thrips present may
have been feeding on yeasts, rather than pollen, or the other thrips, mites and aphids inhabiting the
flowers at the time.

Petals are one of the many materials used by megachilid bees to line nest brood cells [131].
However, the effect of megachilid bee petal removal on pollinator visitation and pollination success
in E. tenuifolia was not investigated in the current study. But, given the well-established influence
of flower size these aspects of floral biology [132,133], and flower damage [134,135], it would not be
surprising if there were effects to be documented. The system clearly lends itself to experimental
manipulation [136], and could be an interesting subject for future study.
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The pattern of sucrose concentration and nectar volume recorded here parallels that recorded
for E. nana [65], with rapid rises in levels in the early morning and swift declines in the early
afternoon. Neither of these resembles the pattern recorded for E. ovata [64], which showed a distinct
midday peak. Purely diurnal pattens of nectar production confirming diurnal pollination, while patterns
of nectar production (in both volume and sucrose content), This provided support for the prediction
(prediction 4) that nectar production would occur during daylight hours, and would be constant across
the production period.

Mean sucrose levels of 37.4% recorded here are close to those reported for E. coriacea (DC.) S.A. Mori
(36% [137]), E. ovata (36.4% [64]), and E. nana (30.7% [65]); all are in line with the 30-40% concentration
considered biomechanically optimal for suction-feeding Euglossine bees [138]. Prance [58] reported
that visits by xylocopid bees to Eschweilera trees occurred between 08.30 and 10.00 hrs. Although
the data were recorded in ferra firme species of Eschweilera, it still matches the patterns we recorded.
Indeed, it appears that the timing of nectar production can be remarkably consistent between congeneric
species across habitats when, as here, the form of pollinator remains the same [139,140]. Mean nectar
volumes recorded here (171.7 + 125.2 uL) are also similar to those recorded for the similar-sized flowers
of E. nana (196.5 + 102.4 uL [65]). Values in the current study may be lower due to the presence in
the data set of very low values (10-40 pL), possibly associated with measurements being conducted
immediately after a nectar removal event by a pollinator. If such values below 99 uL for days 1-3 are
removed from the 324 records from 06.00 to 14.00 (n = 114, 35.2% of all records), the mean rises to 241.7,
SD +97.37.

The duration of flowers (4-5 days) is unusually long for the neotropical Lecythidaceae which,
according to Mori and Prance [3] “open their flowers early in the morning and drop their petals and
androecia in the same afternoon”. However, while E. ovata flowers may also last but a single day [64]),
other members of the genus Eschweilera do not follow this pattern, as flowers generally last 2-3 days
(E. grandiflora (Aubl.) Sandwith and E. pedicellata (Rich.) S.A. Mori [57]; E. nana [65]); though E. ovata
flowers may last but a single day [64]). The extension of individual flower life to 5 days in E. tenuifolia
may be a means of maximizing likely reproductive gains in an energy-limited system. This may help
explain the higher levels of seed set noted in E. tenuifolia compared to other species. However, this may
itself be a compensatory mechanism for the fact that E. tenuifolia is hydrochorous [35], and so may be
expected to suffer high levels of seed mortality during dispersal [141-143]. Whether this, itself, is offset
with reduced investment in pyxidial wall thickness will be the subject of a future study.

As noted by Janzen [144], direct consumption of flowers can lower seed crop size, but the
relationship of flower crop size to seed crop size may not be especially tight. Many plants produce
large numbers of flowers only to attract pollinators, and as a plant can perceive the loss of a flower,
there may be some compensatory flower production. Nevertheless, the high flower:fruit ratios and
large crop volumes of E. tenuifolia are surprising, especially considering how challenging it appears
to be for plants to live in igapd [145], particularly in sites where flooding can last for 7 to 8 months,
as is the case with E. fenuifolia [51,146,147]. However, partial compensation for this stress may be
the deployment by E. tenuifolia of a strategy of near-biennial flowering, such that each plant has a
heavy flowering year, followed by a light one (AA Barnett and WS da Silva-Carneiro, unpublished).
Such a supra-annual flowering also occurs in other igapd tree species, including Aldina latifolia Spruce
ex Benth and Cieba pentandra (L.) Gaertn. [74], as well as other members of the genus Eschweilera
(e.g., E. tetrapetela S.A. Mori [63]). This form of phenology could allow individual plants to maximize
effective energy investment in reproduction, both in terms of attractiveness to pollinators, and as
a means of diminishing proportion of (energetically-demanding) produced seed crop lost to seed
predators. This is known from several other igapo species, including A. latifolia Spruce ex Benth.
and C. pentandra [74]. This set of adaptations allows for successful colonization by E. tenuifolia in this
extreme ecosystem and will be the subject of future studies.
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5. Conclusions

Insect infestation of buds can play an important role in regulating flower:fruit ratios, thus setting
limits on individual total seed set. Individual E. tenuifolia appear to invest highly in reproduction every
second year. Extended flower duration (up to 5 days, rather than 1 day as common in the genus) may
be a strategy to enhance pollination success, but it also increases overall reproductive investment via
continued nectar production. Abortion of heavily infested buds may minimize allocation of energy
to otherwise malformed flowers, which are likely to have lower change in attracting pollinators.
Such a strategy functions to save energy in the short term. Additionally, biennial peaks of investment
in flowering by individual E. tenuifolia are likely to be an energy-conserving response in a highly
physiologically-challenging environment. Thus, E. tenuifolia exhibits energy-conservation strategies at
two divergent temporal scales.
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