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Abstract
'Big Bang' flowering is common among geophyte plants and is a strategy particularly important in arid areas. Griffinia is a genus whose species have very
ephemeral flowering. Not surprisingly, there is so far no information on the
reproductive biology and pollination ecology of any Griffinia species. Here, we
highlight an amazing phenomenon of massive flowering in Griffinia gardneriana, a species that blooms for only one or two nights and emits a remarkable odor plume in the Caatinga night. The flowering event of the species
varied depending on the locality, but it was always associated with the rainy
season. The high number of white tubular flowers produce a strong sweet perfume dominated by (E)-nerolidol (42%), linalool (33%) and (E)-β-ocimene
(15%). Agrius cingulata (Sphingidae) was the only pollinator recorded. Because
G. gardneriana set only a few fruits by self-pollination, in contrast to a high
number of fruits under natural conditions, this hawkmoth pollination system
seems to be very efficient.
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1 | INTRODUCTION

2 | MATERIALS AND METHODS

Species showing a "big bang" flowering strategy (sensu
Gentry, 1974) can improve their reproductive fitness
through different processes such as: (a) optimal climatic conditions during flowering, (b) increased pollen donation and (c) better attractiveness to
pollinators (Munguía-Rosas, Ollerton, Parra-Tabla, &
De-Nova, 2011). Specifically, in the latter process,
massive flowering might attract more pollinators
through a more conspicuous visual and olfactory floral
signaling (Dobson, Raguso, Knudsen, & Ayasse, 2005;
Raguso & Willis, 2005) and a higher availability of
reward in the short term (Gribel, Gibbs, &
Queiróz, 1999).
'Big Bang' flowering is common among geophyte
plants and is a strategy that is particularly important in
unpredictable arid areas (Dafni, Cohen, & Noy-Mier,1981). Amaryllidaceae is one of the largest families of
geophytes, with about 1,600 species (Christenhusz,
Fay, & Chase, 2017). They show an ephemeral flowering
period and their flowers last usually only one day or
night (Dutilh, 2005), a trait that hinders even descriptive studies about its natural history. The genus Griffinia Ker Gawl. (Amaryllidaceae: Hippeastreae), for
example, is composed of 20 geophyte species, all
endemic to Brazil (Campos-Rocha, Meerow, &
Lima, 2019; Dutilh & Oliveira, 2015), for which information on reproductive biology and pollination ecology is completely absent.
Griffinia gardneriana is an endangered species,
endemic to Caatinga dry forest, northeastern Brazil
(Alves-Araújo, Dutilh, & Alves, 2009; Dutilh &
Oliveira, 2015). Although our working group has been
continuously studying the floral biology of Caatinga species for about three decades, a period in which several
researchers conducted frequent and regular field campaigns (Leal, Lopes, Machado, & Tabarelli, 2017;
Machado, Barros, & Sampaio, 1997; Machado &
Lopes, 2004; Quirino & Machado, 2014), we have rarely
recorded flowering events of this species. Recently, we
witnessed the ephemeral full-flowering event of
G. gardneriana with its astonishing scent, and took the
rare opportunity to investigate the floral and pollination
biology of this species. In addition, we used a herbarium
database analysis to access information on species phenology, gathering information that helped us to understand the flowering period. We addressed the following
questions. (a) What is the floral biology of the species and
which pollinators visit it? (b) What compounds make up
the floral scent and how much perfume is produced?
(c) How dependent is the plant on pollinators and what
is its reproductive success under natural conditions?

2.1 | Studied population
The field work was conducted in April 2017 (all analyses),
February–March 2018 (scent and pollinator observations) and
March 2020 (pollinator observations) in Catimbau National
Park (PARNA Catimbau; 8 240 0000 and 8 360 3500 S; 37 00 3000
and 37 10 4000 W), northeastern Brazil. The PARNA Catimbau
covers an area of 623 km2 (ICMBio, 2020) and has a semi-arid
climate, BSh according to the Köppen scale (Peel,
Finlayson, & McMahon, 2007), with annual average temperature and precipitation of 25 C and 1095.9 mm, respectively.
Griffinia gardneriana generally occurs in open areas or under
shrubs and well-drained soils. The individual can be better
observed in the rainy season, because the leaves are deciduous in the dry period. We collected data from five plant
populations inadvertently found flowering along open sandy
areas bordering roadsides. In the largest population, we
recorded 71 individuals with 121 flowers spread along 150 m2
(voucher was deposited in the Herbarium UFP; n. 76649).

2.2 | Reproductive phenology
In addition to the data on the aforementioned populations,
we used data on the flowering of G. gardneriana from material deposited in the following herbaria: UFP (Herbário Geraldo Mariz), PEUFR (Herbário Vasconcelos Sobrinho), IPA
(Herbário Dárdano de Andrade Lima), EAN (Herbário Jayme
Coelho de Moraes) and HVASF (Herbário Vale do S~ao Francisco). The pattern of flowering was described according to
Gentry (1974) and Newstrom, Frankie, and Baker (1994).
The climatological series used for phenological analysis in
the PARNA Catimbau were obtained from the weather station site. At this station, we collected data on precipitation,
mean temperature and soil water content for 2017. For the
herbarium data, we used the conventional meteorological sta
tion closest to each location (Aguas
Belas: Garanhuns station
 0
00
 0
[−8 89 08.10 S; −36 49 65.4000 W]; Buíque and Sertânia:
Arcoverde station [−8 410 84.5000 S; −37 060 46.4000 W];
Ouricuri and Petrolândia: Cabrobó station [−8 510 47.2000 S;
−39 310 07.5000 W]), through the Instituto Nacional de
Meteorologia (INMET) and the meteorological database for
teaching and research (BDMEP, 2017), where precipitation
and mean temperature data were collected.

2.3 | Floral biology and pollinator
observations
To establish time, sequence and duration of anthesis, we
marked 10 flower buds in pre-anthesis from different
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individuals (n = one per individual) and observed them
from 16:00 to 06:00. To determine the floral morphology,
fully developed flowers were collected and fixed in 70%
alcohol. We measured the petal length and distance from
the stigma to the base of the nectar column in 20 plants
(n = one flower per individual). Nectar samples were taken
from 10 fully opened flowers in the early evening
(ca. 18:30) before pollinator activity began. Nectar was
extracted from the flowers immediately using a graduate
microliter syringe (25 microliters, Hamilton, Reno, Nevada,
USA) and sugar concentration (percentage sucrose, mass/
mass) was measured with a pocket refractometer (0–52%;
Atago, Tokyo, Japan). The amount of sugar in the nectar
was calculated following Galetto and Bernardello (2005).
The floral visitors were monitored through direct observations (2017, 2018 and 2020) of the flowers and also with
the aid of a night camera (2020) (Sony model HDR-SR11,
Sony Corporation, Minato, Tokyo, Japan). In the years
2017 and 2018 they were monitored over 2 days, distributed
over two nights (one night each year) from 18:00 to 06:00.
In the year 2020, new observations were made, from 18:00
to 21:00, totaling 27 hr of observation. The identification of
the collected material was carried out by comparison with
material deposited in the insect collection of the Laboratory
of Floral and Reproductive Biology - UFPE.

2.4 | Sampling of floral scents
Scent samples were collected in vivo from flowers of eight
specimens of G. gardneriana (one sample per individual):
three samples from the individuals collected in Catimbau
National Park and reared in a glasshouse at the Federal
University of Pernambuco in Recife, and five samples collected in the field on the PARNA Catimbau. To obtain
scent samples for thermodesorption (TD), floral volatiles
were collected using standard dynamic headspace
methods during the intervals of highest perceivable perfume emission, at about 19:00. Flowers (two to three,
depending on the individual) were enclosed within a PET
film oven bag (Bratschlauch, Melitta GmbH, Minden,
Germany) and scented air was drawn for 30 min through
a silicone tube by a membrane pump (Rietschle Thomas,
Puchheim, Germany) at a constant flow rate of
200 ml min−1. The air enriched with volatile organic
compounds (VOCs) inside the bags was trapped in a thermal desorption filter (length, 30 mm; inner diameter,
2.5 mm) containing adsorbent polymer (3 mg), consisting
of a 1:1 mixture of Tenax™ TA (80/100 mesh, Supelco,
Pennsylvania, Bellefonte, USA) and Carbopack™ X
(20/40 mesh, Supelco). To detect environmental contaminants, negative controls (empty bags; n = 2) were collected using the same aforementioned protocol. All TD
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samples were stored in 2-ml screw-cap clear vials at
−24 C until chemical analysis.

2.5 | Chemical characterization of floral
scents
TD samples were analyzed on a gas chromatograph
coupled to a mass spectrometer (GC-MS; Agilent
7890A™ gas chromatograph, Agilent 5975C Series
MSD™ mass spectrometer; Agilent, Palo Alto, CA, USA),
equipped with a non-polar HP-5 ms column (Agilent
J&W; 30 m × 0.25 mm d.i., 0.25 μm film thickness) and a
thermal separation probe (TSP; Agilent). Configuration
of the GC-MS system was the same as in Milet-Pinheiro,
Gonçalves, Navarro, Nuñez-Avellaneda, and Maia (2017)
and Milet-Pinheiro, Silva, Navarro, Machado, and
Gerlach (2018).
Compounds were identified by comparing their mass
spectra and retention indices with those available from
commercial mass spectral libraries (MassFinder 4, NIST11
and Wiley Registry™ 9th Edition; Adams, 2007), integrated into the software Agilent MSD Productivity
ChemStation (Agilent). Whenever possible, the identity
of compounds was verified using retention times and
mass spectra of authentic standards. The peak areas on
the chromatograms were integrated to obtain the total
ion current signal, which was used to determine the
(a) relative percentages of each compound in relation to
the sum of all compounds and (b) total amount of perfume trapped in the TD samples (see below).
To determine the absolute amount of perfume
trapped in the TD samples, we injected a known amount
(100 ng) of three external standards, (E)-nerolidol (98%;
Sigma-Aldrich, St. Louis, Missouri, EUA), linalool (97%;
Sigma-Aldrich) and β-ocimene (90%; Sigma-Aldrich), into
the GC-MS system, following the same protocol described
for the TD samples. The mean peak area found in five
runs (per compound) was used to determine the total
amount of perfume in the TD samples. Volatiles detected
in the control samples obtained from the environment
were considered ambient contaminants and were
excluded from the floral scent list.

2.6 | Breeding system
To determine the reproductive system and dependence
on pollinators of G. gardneriana, pre-anthesis flower buds
were used and controlled pollination tests were performed, according to the methodology adopted by Primo
and Machado (2009): (a) hand self-pollination (n = 25
pre-anthetic flowers previously bagged and manipulated),
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19.2

0
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18.6

4.0
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27.6

86.3

17.6

72.7

43.9

6.3

Month of
flowering

26.60

29.67

26.81

24.41

23.00

22.86

25.18

26.05

25.65

23.68

26.88

Mean
temperature ( C)

TABLE 1
Records of flowering of Griffinia gardneriana (Amaryllidaceae) from herbarium data in Pernambuco state and field observations (*) (from January to December 2017) in
Catimbau National Park, Buíque, Pernambuco state, Brazil, with their respective climatological data
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F I G U R E 1 Flowering phenology of Griffinia gardneriana at
Catimbau National Park, Buíque, Pernambuco, Brazil, from
January to December 2017 and climatological data

F I G U R E 2 Reproductive and
pollination biology of Griffinia
gardneriana (Herb) Ravenna
(Amaryllidaceae) in the Caatinga of
Catimbau National Park, Brazil.
(a) Panoramic view of massive
flowering of G. gardneriana with
senescent flowers in the morning
after the anthesis. (b) Inflorescence
of G. gardneriana during the
nocturnal anthesis. (c) The
hawkmoth Agrius cingulata
(Sphingidae) visiting a
G. gardneriana flower. (d) Main
floral volatiles and their proportions
in the scent bouquet.
(e) Longitudinal section of fruit from
cross-pollination. (f) Detail of seeds
in maturation from crosspollination. (g) Aborted seeds from
manual self-pollination. fe, floral
escape; ov, ovary; pd, pedicel; sl,
stylet and stigma; sp, sepals; st,
stamens
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(b) spontaneous self-pollination (n = 25 pre-anthetic
flowers previously bagged and not manipulated), (c) hand
cross-pollination (n = 25 pre-anthetic flowers previously
bagged and manipulated) and (d) agamospermy (n = 25
pre-anthetic flowers previously emasculated and bagged).
All these flowers remained bagged until the end of anthesis and were monitored until flower abscission or fruit formation. Additionally, in order to determine the
reproductive success of the population under natural conditions (as a control), we marked pre-anthesis flower buds
that were left exposed to the pollinators throughout the
night (n = 75 open flowers). The fruit set was compared
through a G-test and the differences between the pairs of
treatments through a χ2 test. For the number of seeds, we
used the Mann–Whitney U-test, followed by the Dunn's
test for a posteriori comparison. We also calculated the
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reproductive efficacy, which is an estimate of the fruit set
that would be produced under ideal pollination conditions
(Zapata & Arroyo, 1978).

3 | R E SUL T S
3.1 | Reproductive phenology
In this study, we gathered information on flowering phenology of six populations of G. gardneriana in the munic
ipalities of Aguas
Belas, Buíque (PARNA Catimbau),
Custódia, Ouricuri, Petrolândia and Sertânia, recorded
from herbaria data, and one in the PARNA Catimbau
(Table 1). We observed that the flowering of G. gardneriana varies depending on the locality but maybe it is
associated with the variation in rainfall.
Griffinia gardneriana bloomed in similar periods at

nearby localities, such as in Buíque and Aguas
Belas or
in Sertânia and Custódia (Table 1). Our own field observations showed that this species flowered massively during only 4 days in April 2017, at the beginning of the
rainy season and in the first month with positive soil
water measurements (Figures 1 and 2a). In the year 2014,
there were two flowering events recorded from herbarium data also for PARNA Catimbau, both in the rainy
season (Table 1). Considering the climatological data for
the months in which flowering events of G. gardneriana
occur, blooming may happen at both low and high precipitation, ranging from 3.2 to 240.1 mm (Table 1). We
also observed a variation in relation to average temperature (from 22.86 to 29.67  C) (Table 1).

3.2 | Floral biology and pollinators
Commonly, each individual of G. gardneriana produces a
single floral scape (in a few cases two), with two or three
flowers per scape. Anthesis began at dusk at around
17:00 and all flowers of each inflorescence of all individuals open simultaneously at 18:00, lasting until 06:00
(longevity of ca. 12 hr). In the monitored individuals,
some anthers were already dehiscent when flowers
started to open, or soon after the flowers had completely
opened, at around 18:00.
The ascending large flowers are trimerous,
homoclamidous, zygomorphic and infundibuliform, with
a length measuring about 166 ± 8 mm, arranged in terminal umbelliferous inflorescences. The six free tepals
are white, eventually presenting a longitudinal greenish
streak on the median nervure on the abaxial surface of
the tepals. Five of these are declined-ascending, strongly
flexed backwards, and the sixth tepal is central,
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declinated and lightly caniculated (Figure 2b). The
flowers produced copious dilute nectar in the nectaries in
ovarian septs, which is accumulated in the short tube of
the hypanthium. The standing crop of nectar in randomly measured flowers was 34.3 ± 8.05 μL. The sugar
concentration was 13.5 ± 1.6%, which is equivalent to 4.8
mg of solutes per flower.
The only floral visitor was Agrius cingulata (Fabricius,
1775) (Sphingidae) (Figure 2c). The visits began after the
flowers’ anthesis around 18:00 and continued until 21:00,
and in this period the pink-spotted hawkmoth visited all
flowers from an inflorescence before moving to adjacent
plants. Some visits were brief, less than 3 sec; however,
the hawkmoth could remain for up to 1 min in the flowers
of a plant. The insect made successive visits to the flowers,
searching for nectar, and when moving in front of the
flowers the hawkmoth touched the anthers and the stigma
with the underside of the abdomen. During focal monitoring in the field, we registered seven visits of hawkmoths in
one night in 2017 and six in 2020.

3.3 | Chemical characterization of floral
scent bouquet
The chemical analyses revealed that the total amount of
perfume trapped in TD samples was 448.551
± 70.717 μg min−1 per flower on average (n = 8). We
detected 33 volatile compounds, 24 of which were identified (Table 2). The identity of nine minor compounds
could not be attributed based on comparison of retention
indices and mass spectra. The terpenes (E)-nerolidol
(41.5%), linalool (33.0%) and (E)-β-ocimene (14.6%) were
the major compounds (Figure 2d) and accounted together
for almost 90% of the total scent discharge. With the
exception of α-terpineol (2.3%), (E,E)-α-farnesene (1.0%)
and (E,E)-farnesal (1.0%), all other compounds were
recorded in amounts <1% (Table 2).

3.4 | Breeding system
The controlled pollination experiments showed that fruit
(G = 18.2; df = 3; p < .001) and seed set (H = 13.55; df = 3;
p < .01) differed significantly among treatments (Figure 2
e-g). A posteriori tests showed that fruit set and seed set in
the hand and spontaneous self-pollination treatments were
similar but significantly lower than in the hand crosspollination and natural pollination. The results of the
hand cross-pollination treatment were similar to those of
the natural pollination (dif. = 5.6333; p = .344). Flowers in
the treatment of agamospermy set no fruits (Table 3). This
species showed a reproductive efficacy of 0.88.
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TABLE 2
Contribution of
individual compounds (%) to the total
amount of volatiles in headspace scent
samples collected from flowers of
Griffinia gardneriana (Amaryllidaceae)
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Compound

RI

n

Mean

992

8

0.16

0.10

Limonene*

1028

8

0.80

0.63

(Z)-β-Ocimene*

1039

8

0.79

0.53

(E)-β-Ocimene*

1050

8

15.05

7.81

Linalool*

1101

8

12.95

17.09

α-Terpineol*

1193

8

3.09

1.13

Nerol*

1231

3

0.04

0.07

Isogeraniol

1236

7

0.09

0.07

Geraniol*

1258

8

0.45

0.50

Geranial*

1273

2

0.04

0.07

(Z)-α-Bergamotene

1421

3

0.04

0.06

(E)-α-Bergamotene

1441

3

0.16

0.23

(E)-β-Farnesene*

1462

8

1.06

0.50

α-Curcumene

1489

2

0.02

0.04

(Z,Z)-α-Farnesene*

1501

8

0.25

0.11

(Z)-α-Bisabolene

1508

3

0.07

0.10

(E,E)-α-Farnesene*

1514

8

2.83

5.12

β-Sesquiphellandrene

1530

2

0.02

0.03

(E)-γ-Bisabolene

1538

3

0.03

0.04

(Z)-α-Bisabolene*

1549

5

0.15

0.14

(E)-Nerolidol*

1572

8

58.68

17.05

(2E,6Z)-Farnesal

1723

3

0.07

0.11

(E,E)-Farnesol*

1728

8

0.56

0.44

(E,E)-Farnesal*

1750

8

0.46

0.54

Unknown (m/z 43, 59, 79, 91, 137, 152)

1203

6

0.06

0.06

Unknown (m/z 43, 55, 79, 91, 109, 137, 152)

1209

7

0.45

0.39

Unknown (m/z 65, 79, 91, 105, 135, 150)

1261

5

0.08

0.08

Unknown (m/z 69, 97, 152, 166)

1276

3

0.03

0.05

Unknown (m/z 41, 69, 93, 119, 161, 204)

1451

3

0.06

0.09

Unknown (m/z 41, 91, 105, 132, 159, 202)

1492

1

0.00

0.01

Unknown (m/z 79, 93, 107, 119, 134, 204)

1522

1

0.02

0.06

Unknown (m/z 41, 79, 93, 107, 135, 204)

1604

8

0.55

0.45

Unknown (m/z 43, 69, 109, 135, 153, 210)

1644

8

0.88

0.51

SD

Monoterpenes
Myrcene*

Sesquiterpenes

Unknown

Note: Compounds are listed according to chemical classes and elution on a HP-5 column (mean, relative percentage average; n, number of
samples in which compounds were recorded; RI, retention index; SD, standard deviation); m/z, mass-to-charge ion fragments.
*Identification based on authentic standards.
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TABLE 3
Fruit and seed set in controlled pollination experiments and natural pollination in Griffinia gardneriana (Amaryllidaceae) at
the Catimbau National Park, Buíque, Pernambuco state, NE, Brazil
Treatments

Flowers

Fruit set

Agamospermy

25

0

Spontaneous self-pollination

25

Seed set
0

a

4 ± 3a

2 (8%)

a

12 ± 11a

Manual self-pollination

25

8 (32%)

Cross-pollination

25

17 (68%)b

30 ± 14b

Natural pollination

75

45 (60%)b

26 ± 16b

Reproductive efficacy*

0.88

0.87

Note: Different letters represent significant difference between treatments (p < .05) as assessed by the G-test and Mann–Whitney U-test for
fruit and seed set, respectively.
*Reproductive efficacy is an estimate of the fruit/seeds set that would be produced under ideal pollination conditions (Zapata and
Arroyo1978).

4 | DISCUSSION
4.1 | The very ephemeral flowering of
Griffinia gardneriana in the rainy season
The massive flowering of G. gardneriana fits the “big
bang” pattern (sensu Gentry, 1974) and the annual
flowering pattern (sensu Newstrom et al., 1994), because
the majority of the individuals of the populations open
their flowers in a single night (Figure 2a), in an event of
astonishing flowering synchronization in different plant
individuals (Gentry, 1974). An explosive flowering pattern is mentioned for other monocots species, including
Velloziaceae, which is common in Brazil (Conceiç~ao,
Alencar, Souza, Moura, & Silva, 2013; Souza, Schmidt, &
Conceiç~ao, 2018), as well as within the Amaryllidaceae
family (Augspurger, 1980; Büneker, Bastian, Soares, &
Costa, 2016), as in Tocantinia, an endemic genus of the
Cerrado of Brazil, whose species are distributed in large
populations and the anthesis of the entire species lasts
only 2 to 3 days (see figures from Büneker et al., 2016).
Curiously, and different from the definition of “big
bang”, we also observed two reproductive events in the
same year (as in 2014), showing that this species may also
display
episodic
flowering
(Bawa,
Kang,
&
Grayum, 2003), multiple bang (Gentry, 1974) or subannual flowering patterns (Newstrom et al., 1994). Multiple flowering episodes may enhance reproductive success
as this can reduce reproductive failure from fluctuating
populations of pollinators, a common condition in rainy
seasons (Bawa et al., 2003; Ruan et al., 2009).
There is evidence that rain triggers the production of
floral landscapes of many Amaryllidaceae (Dutilh, 2005).
According to the precipitation averages of the herbarium
records, we observed that there is a tendency for increasing precipitation between the previous month and the
month of the respective flowering of G. gardneriana.

Furthermore, the flowering in Amaryllidaceae species
may be associated with a possible combination of different abiotic factors (Rees, 1966), such as soil water content, as observed in our results. Considering that
G. gardneriana is a geophyte plant, soil water content
might be an important trigger for flower production.

4.2 | Hawkmoth pollination in Griffinia
gardneriana matches sphingophily traits
Flowers of Amaryllidaceae exhibit a spectrum of adaptive
radiations, involving different pollinator groups, such as
bees (Herrera, 1995), birds (Geerts & Pauw, 2012), and
even one rare case of bat pollination (Vogel, 1969). However, pollination by hawkmoths (Manning, Snijman, &
Scott, 2002) is by far the most representative. In fact, this
family is one of the largest with adaptations to hawkmoth
pollination (Manning et al., 2002) and sphingophily is
indeed confirmed in several genera, such as Brunsvigia,
Crinum, Cyrtanthus, Griffinia, Hippeastrum, Hymenicallis,

Pancratium and Zephyranthes (Avila-Junior,
2009; Johnson & Raguso, 2016; Manning et al., 2002; Meerow, Reed,
Dunn, & Schnell, 2017). In this sense, floral attributes of
G. gardneriana, such crepuscular/nocturnal anthesis, delicate large flowers and tubular/infundibuliform, white perianth and nectar production, are related to sphingophily
(Johnson et al., 2017; Johnson & Raguso, 2016; Manning
et al., 2002) and this was confirmed by our observations.
Although many hawkmoth-pollinated flowers have
intermediate corolla length (Johnson et al., 2017), Griffinia
gardneriana has long petals over 100 mm in length. Large
flowers is a typical pattern for many Amaryllidaceae, especially in hawkmoth-pollinated species, as Crinum
delagoanse = 115 mm, Hymenocallis eulae = 100 mm,
Pancratium maritimum = 129 mm and Zephyranthes
traubii = 115 mm (Eisikowitch & Galil, 1971; Johnson
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et al., 2017; Johnson & Raguso, 2016). However, unlike
these other hawkmoth-pollinated Amaryllidaceae, where
there is a tube formed by the perianth base, in
G. gardneriana the hypanthium is very short and the
infundibuliform morphology is formed only by the overlapping of the free tepals (Figure 2b). Generally, these
large flowers are pollinated by long-proboscis hawkmoths
and these flowers have a depth that matches the proboscis
length of the hawkmoths (Johnson et al., 2017). Among
the species with a long proboscis, Agrius cingulata is a
hawkmoth responsible for the pollination of different large
and deep flowers in the Caatinga, such as Bauhinia
cheilantha (Fabaceae), Cereus jamacaru, Pilosocereus
gounellei (Cactaceae) and Tocoyena formosa (Rubiaceae)
(Queiroz, 2014; Rocha, Domingos-Melo, Zappi, &
Machado, 2020).
Nectar volume and concentration values in
G. gardneriana are similar to other Amaryllidaceae
flowers pollinated by hawkmoths (Johnson &
Raguso,
2016).
Community-level
studies
of
sphingophilous species in East Africa have shown that
the largest volumes of nectar (above 20 μl) are found in
long-spurred orchid species such as Aerangis spp. (20 μl)
and an Amaryllidaceae species, Crinum macowanni
(30 μl) (Martins & Johnson, 2013). The mass flowering
and the astonishing high degree of intra-individual and
intra-populational flowering synchrony of G. gardneriana
contribute to its position as an abundant floral resource
(Augspurger, 1980). Although the availability of this
resource from G. gardneriana is very ephemeral, it can be
compensated by other species from families such as
Apocynaceae, Cactaceae, Capparaceae, Fabaceae, Malvaceae and Rubiaceae that flower throughout the year
and are also pollinated by hawkmoths. In the Caatinga,
sphingophily may be seen in 7.2–13% of the species
(Machado & Lopes, 2004; Quirino & Machado, 2014).
Sphingophily in G. gardneriana is also largely
supported by the harmony between the moment of odor
emissions and the nocturnal activity of the hawkmoth
(Hoballah et al., 2005) and the chemical composition of
the floral perfume bouquet, because its scent profile is
very similar to that reported for sphingophilous plants of
many other angiosperm families (Dobson, 2006; Dobson,
Arroyo, Bergström, & Groth, 1997; Knudsen &
Tollsten, 1993; Knudsen, Tollsten, & Bergström, 1993;
Levin, Raguso, & McDade, 2001; Miyake, Yamaoka, &
Yahara, 1998). The general tendency emerging from
these studies, which together characterized the floral
scent chemistry of about 30 species belonging to 12 families (including Amaryllidaceae), points exactly to linalool,
(E)-nerolidol and (E)-β-ocimene as the most representative compounds of sphingophilous flowers in terms of
both relative amount within the scent bouquet and
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occurrence across species. The high similarity in floral
perfume profiles registered for several phylogeneticallyunrelated sphingophilous species points to a clear case of
convergent evolution in floral scents mediated by pollinators' olfactory preference (Knudsen & Tollsten, 1993;
Levin et al., 2001).

4.3 | An astonishing amount of floral
perfume forming a giant odor plume
The quantity of perfume emitted by flower of
G. gardneriana (almost 4.5 μg min−1) is impressive and,
from the population perspective, the patchy distribution
of numerous individuals of G. gardneriana might ensure
a strong localized perfume emission (the largest population found may even emit ~550 μg min−1). The wind disperses volatiles from their source, with molecules
interacting directly with the environment through physical processes that create a dynamic olfactory environment known as odor plume (Conchou et al., 2019;
Kárpáti, Knaden, Reinecke, & Hansson, 2013; Riffell,
Abrell, & Hildebrand, 2008; Szyszka, 2014).
Relying on odor plumes, hawkmoths can locate even
individual strong-scented flowers that are hidden in the
vegetation (Martins & Johnson, 2007). In the case of
G. gardneriana, patches with dozens of individuals in
open areas of Caatinga are exposed to the wind turbulence that rapidly mixes volatiles of neighboring flowers,
producing a single giant odor plume (as perceived, for
example, by the human olfaction). Such giant odor
plumes might be detected from long distances by hawkmoths, which are known to use their spatial memory to
follow odor plumes while foraging (Grünbaum &
Willis, 2015; Murlis, Elkinton, & Carde, 1992;
Vickers, 2000). After approaching a population through
olfactory guidance, they rely additionally on visual cues
to finally locate their food source. At short distances,
therefore, the large white flowers (a signal commonly
learned by these insects) of G. gardneriana might act synergistically with scent, stimulating feeding behavior
(Balkenius, Kelber, & Balkenius, 2004; Raguso &
Willis, 2002; Stöckl et al., 2016).
The amount of perfume of G. gardneriana flowers is
consistent with that of other specialized pollination systems in which floral scents play a central role in longrange attraction of pollinators, such as those involving
perfume-rewarding plants and male euglossine bees
(Milet-Pinheiro et al., 2015) and thermogenic aroids and
nocturnal
cyclocephalini
beetles
(Gottsberger,
Silberbauer-Gottsberger, & Dötterl, 2013; Maia
et al., 2012). In such systems, population density is often
low and individuals are sparsely distributed. The
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production of giant odor plumes from several distant
populations with many aggregate individuals, as reported
in G. gardneriana, seems more analogous to what happens with isolated large bat-pollinated trees with massive
nocturnal flowering (Domingos-Melo, Milet-Pinheiro,
Navarro, Lopes, & Machado, 2019).

4.4 | Hawkmoths ensure high
reproductive success in Griffinia
gardneriana
The results of the controlled pollination experiment indicate that G. gardneriana is self-compatible, but the presence of the pollinator is important for the plant to boost
reproductive success. This pattern is reported for other
Amaryllidaceae species, such as Habranthus gracilifolius,
which although self-incompatible, has higher fruit set in
natural conditions (Streher, Guerra, Lüdtke, Semir, &
Dutilh, 2018). Furthermore, the reproductive efficacy was
high when compared with other tropical plant species
(Munin, Teixeira, & Sigrist, 2008; Paulino-Neto, 2013),
pointing also to an important role and huge efficiency of
pollinators. Besides, considering the elevated rate of natural fruit set (60%), mass flowering seems to be a successful strategy for this species, as higher spatial density and
flowering synchrony with its conspecifics contribute to a
higher number of fruits. According to Augspurger (1980),
population properties of time and space produce additive
density effects in attracting pollinators.
The large size of the hawkmoths and their capacity for
rapid, long-distance flights make these insects potentially
important in transporting large quantities of pollen to successfully cross-pollinate sphingophilous plants (Haber &
Frankie, 1989; Johnson et al., 2017; Linhart &
Mendenhall, 1977; Raguso & Willis, 2005). In addition,
many hawkmoths have morphological and behavioral traits
that allow them to perform efficient cross-pollination, such
as fur-like scales, a long proboscis and a “trap-line” foraging
behavior (Linhart & Mendenhall, 1977). Indeed, our observation that G. gardneriana set a high number of fruits under
natural conditions, in spite of the few observations of hawkmoths visiting flowers, also suggests that these animals are
very efficient pollinators, because on each foraging route
they practically visit all the available flowers.

5 | C O N C L U D IN G R E M A R K S
Our work provides the first report on the reproductive
and pollination biology of the threatened genus Griffinia,
by exploring a rare and ephemeral study opportunity. Griffinia gardneriana has massive flowering associated with first
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rains in the Caatinga and positive soil water measurements
that generate an amazingly precise and short synchronization
of its flowering periods. All floral traits are related to
sphingophily, especially the composition of its intense sweet
floral perfume, and are important features for the pollination
by hawkmoths. Agrius cingulata, the unique pollinator
recorded on flowers, ensured a very high reproductive success
in this allogamous species. The astonishing amount of odor
produced by each flower and the synchronic flower opening
in the population produce a giant odor plume that can be perceived from several meters away. This odor plume might play
a key role in attracting pollinators in an amazing and ephemeral flowering event. Because other species of Griffinia are
notoriously similar (Campos-Rocha et al., 2019; Dutilh &
Oliveira, 2015), we believe that many of the traits reported for
G. gardneriana, including pollination by hawkmoths, can be
expected for other representatives of this genus.
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