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From bats to bees: changes in flower anthesis and nectar traits drive a pollination 
ecotype in dwarf Caryocar brasiliense (Caryocaraceae)
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• Background and Aims Widespread plants often display different phenotypes that influence pollination. In the 
Brazilian Cerrado, Caryocar brasiliense typically grows as a bat-pollinated tree, but a hemicryptophyte dwarf form 
occurs in a population near the southern limit of the Cerrado distribution in Brazil, where large-bodied bees are the 
main visitors. We investigated whether these forms represent distinct pollination ecotypes and assessed the 
ecological drivers and the potential role of polyploidy underlying their divergence.
• Methods We compared floral traits associated with pollinator attraction and reward (flower size, anthesis 
timing, nectar dynamics and chemical composition) between forms. Pollinator exclusion experiments evaluated 
the effectiveness of diurnal and nocturnal visitors. Genome size and chromosome number were assessed to 
explore the role of polyploidy in trait divergence.
• Key Results The dwarf form had smaller flowers, later anthesis and nectar secretion peaking in the early 
morning, with sucrose-enriched, hexose-dominant nectar. Bee visitation rates were over 50 times higher than 
bat visits and positively associated with nectar sugar content. Diurnal visitors, especially large bees, 
significantly increased fruit and seed set. Genome size and chromosome number were consistent across 
ecotypes, suggesting no polyploidy.
• Conclusions A shift from bat to bee pollination in the dwarf form of C. brasiliense appears to be driven by 
changes in floral traits, rather than by polyploidy or absence of bat pollinators. This highlights the importance 
of anthesis timing and nectar chemical composition in shaping pollinator-mediated divergence across 
heterogeneous landscapes.
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INTRODUCTION

Plant species with broad geographical ranges are subject to dif
ferent environmental pressures related to the climatic, edaphic 
and topographical conditions of the regions in which they occur 
(Etterson and Mazer, 2016; Etterson et al., 2016; Hoffman 
et al., 2020). Local environmental variation across a plant’s dis
tribution can shape its ecological niche and mediate phenotypic 
changes that affect plant–pollinator interactions (Miner et al., 
2005; Etterson and Mazer, 2016). For instance, plants can ex
hibit pollination ecotypes (i.e. evolutionary adjustments to envi
ronmental variation in pollinator assemblages; Armbruster, 

1985; Johnson, 2025) when their geographical range extends 
the distribution of their primary pollinator (Grant and Grant, 
1965 ; but see also Moir et al., 2025). In the absence of the 
most efficient floral visitor, secondary visitors can mediate the 
selection toward floral traits that match their sensory and mor
phological preferences (Stebbins, 1970). In this phenomenon, 
referred to as the ‘Grant-Stebbins model’ (sensu Johnson 
et al., 2006), shifts in plant pollination niches are determined 
by the distribution of primary pollinators across a heteroge
neous landscape (Johnson, 2010; Van der Niet et al., 2014).

The absence of the primary pollinator is among the best- 
documented drivers of pollination ecotypes (see 
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Pérez-Barrales et al., 2007; Newman et al., 2014). Nevertheless, 
many cases do not conform to the expectations of the 
‘Grant-Stebbins model’ (Van der Niet et al., 2014; but see 
also Johnson, 2025; Kay and Anderson, 2025). For instance, bi
otic selective pressures can induce morphological or physiolog
ical changes in reproductive organs, affecting pollinator 
visitation and behaviour (Potts et al., 2003; LoPresti et al., 
2018; Pardee et al., 2018; Ballarin et al., 2024a; 
Rodríguez-Sánchez et al., 2024). In such cases, regardless of 
the occurrence of the primary pollinator, changes in plant phe
notypes may lead to the decoupling of the interaction between 
plants and their main pollinators (Thomson and Wilson, 
2008). This occurs when the fitness gain from increased special
ization on the primary pollinator does not outweigh the fitness 
cost of reduced adaptation to secondary, less effective pollina
tors (Aigner, 2001). Under these conditions, selection may fa
vour intermediate phenotypes that maintain compatibility with 
both primary and secondary pollinators and maximize their 
combined fitness contribution, rather than traits exclusively spe
cialized for the primary pollinator (Aigner, 2001). Thus, if sec
ondary pollinators become more frequent than the primary 
pollinator due to environmental filters, plants may exhibit adap
tations to both primary and secondary pollinators.

Additionally, phenotypic variation affecting pollination may 
arise in response to environmental filters or from genomic 
changes such as polyploidy, which can simultaneously modify 
multiple plant traits influencing pollinator attraction, including 
plant and flower size, phenology, floral colour, and scent 
(Porturas et al., 2019; Rezende et al., 2020). Such phenotypic 
variation can also lead to a pollinator shift when primary polli
nators reduce or cease legitimate flower visitation (Rezende 
et al., 2020). By doubling the genome, polyploidy increases ge
nome size and may produce distinct nucleotypic effects (i.e. 
trait changes linked to total DNA content; see Doyle and 
Coate, 2019). Such phenotypic variation, whether driven by en
vironmental filters or genomic alterations, can ultimately trigger 
pollination shifts when the balance of pollinator visitation is al
tered. However, studies addressing the evolutionary processes 
beyond the occurrence of a pollinator shift remain scarce and 
have largely focused on traditional scenarios in which the pri
mary pollinator is absent, thereby overlooking novel or under
explored potential drivers of such shifts (Kay and Anderson, 
2025 ).

The Brazilian Cerrado (the Neotropical savanna of Brazil) is 
characterized by rich biodiversity and high environmental het
erogeneity, providing an ideal context to evaluate whether pol
linator shifts follow the ‘Grant-Stebbins model’ or arise from 
alternative drivers, such as past adaptation to ancient abiotic 
conditions or polyploidization events. The Cerrado is a fire- 
prone ecosystem that spans nearly 2 million km2 (Klink and 
Machado, 2005), and exhibits a high elevational variation, rang
ing from 100 to 1700 m a.s.l (Silva et al., 2006). Pleistocene cli
matic fluctuations, together with frequent fire and frost events at 
higher elevations, have favoured the occurrence of a highly di
verse assemblage of acaulescent, hemicryptophytic, dwarf and 
xylopodium-bearing species in the Cerrado (Simon et al., 
2009; Simon and Pennington, 2012; Cássia-Silva et al., 2022; 
but see De Toma et al., 2022 for examples in other stressful eco
systems). The persistence of such species in this seasonal and 
fire-prone ecosystem may be explained by preadaptations that 
allow them to protect their meristems by growing below ground 

(Simon et al., 2009; Simon and Pennington, 2012; Cássia-Silva 
et al., 2022). Moreover, the environmental heterogeneity of the 
Brazilian Cerrado, characterized by variation in altitude, soil 
types, microclimates and fire regimes, may play a key role in 
promoting genomic and phenotypic diversification. In such 
complex landscapes, polyploidization can provide adaptive po
tential by generating random genetic variation, among which 
some variants may enhance tolerance to environmental stress
ors and increase phenotypic plasticity (Van de Peer et al., 
2021 ; Turcotte et al., 2024). This mosaic of environmental fil
ters and cytogenetic variation creates a valuable framework for 
investigating the processes underlying pollinator shift events.

Caryocar brasiliense A.St.-Hil. (Caryocaraceae Voigt) is an 
endemic species widely distributed throughout the Brazilian 
Cerrado (Prance and Silva, 1973 ). Although C. brasiliense typ
ically grows as a tree throughout most of its distribution 
(Fig. 1A), in the southernmost part of the Cerrado range (i.e. 
near the southern limit of the Cerrado in Brazil), a more recent 
lineage of C. brasiliense exhibits a bushy, dwarf and hemicryp
tophytic life form, in which the main trunk remains entirely un
derground (C. brasiliense subsp. intermedium, Fig. 1B, C). In 
the core region of the Cerrado (the central and most continuous 
portion of its range, where the typical ecological, floristic and 
climatic characteristics of the Cerrado are least affected by tran
sitions to adjacent biomes), C. brasiliense produces yellowish- 
cream, brush-like flowers that secrete abundant, diluted nectar. 
These flowers open before sunset (around 1700 h) and remain 
functional for approximately 24 h, attracting a wide array of 
nocturnal and diurnal floral visitors, including bees, hawk
moths, hummingbirds and nectarivorous bats. However, the 
Palla’s long-tongued bat, Glossophaga soricina (Chiroptera: 
Phyllostomidae), is the primary pollinator of C. brasiliense 
trees in the central Cerrado (Gribel and Hay, 1993).

Nevertheless, despite the broad distribution of G. soricina across 
Brazil, including the southernmost Cerrado (Dias et al., 2017; 
Amorim et al., 2023), and the floral similarity in shape, colour 
and scent between the arboreal and the dwarf forms of C. brasi
liense, the flowers of C. brasiliense subsp. intermedium are dis
played close to the ground due to the plant’s shrubby growth form 
(Fig. 1B, C). This represents an unfavourable trait for bats, as it hin
ders their flight manoeuvres and increases their exposure to ground 
predators, but poses no obstacle for bees (Diniz et al., 2019; but see 
Amorim et al., 2023). Indeed, our previous observations indicate 
that bees are the most frequent visitors to the dwarf form of C. bra
siliense, whereas bats are rarely recorded. This suggests that bees, 
although considered resource robbers or secondary pollinators 
(Araujo et al., 2020), may contribute significantly to plant fitness 
due to their high visitation frequency (see Aigner, 2001). 
Considering the overlapping distribution of bats and the dwarf C. 
brasiliense, the ‘Grant-Stebbins model’ may not fully explain this 
potential pollinator shift, offering an opportunity to investigate 
whether pollination niches can arise from alternative ecological pro
cesses (see Johnson, 2025; Kay and Anderson, 2025).

In this sense, we asked which potential alternative forces may 
have driven the potential pollinator shift observed in C. brasi
liense subsp. intermedium. To address this question, we first in
vestigated whether the core and southernmost populations of 
C. brasiliense represent distinct pollination ecotypes by com
paring several floral traits, including flower size, anthesis tim
ing, as well as nectar dynamics and chemical composition 
across Cerrado populations. Furthermore, we conducted an 
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FIG. 1. Plant morphology and main pollinators of the arboreal and dwarf forms of Caryocar brasiliense. (A) The typical arboreal (phanerophytic) life form of 
C. brasiliense. This tree is approximately 13 m tall. The white arrow points to a person (1.73 m tall) standing next to the tree for scale. (B) A 30-cm-tall dwarf 
plant in bloom. Note the 20-cm-long GPS device placed next to the plant. (C) Newly produced sprouts of a dwarf plant a few weeks after a fire event. Arrows 
indicate old burned branches, and arrowheads point to flower buds at early developmental stages. Note that both the new sprouts and the old burned branches emerge 
from the ground, revealing the hemicryptophytic life form of this ecotype, in which the main trunk is entirely underground. (D) The Pallas’s long-tongued bat 
(Glossophaga soricina) visiting a C. brasiliense tree in Central Brazil (photo credit: Christiano Peres Coelho and Paulo E. Oliveira). (E) A large-bodied bee 
(Xylocopa sp.) visiting flowers of the dwarf form of C. brasiliense in Botucatu, São Paulo state, in the southernmost region of the Cerrado. (F) A large-bodied 
bee (Xylocopa sp.) on a flower of the dwarf form, covered with pollen while contacting both anthers and pistils. (G) A nocturnal bee (Ptiloglossa sp.) covered 
with C. brasiliense pollen approaching a flower of the dwarf form and making contact with the stigma. (A–G) These images collectively illustrate how differences 
in plant life form between the arboreal and dwarf ecotypes may translate into differences in pollinator frequency and efficiency, potentially leading to pollinator 

shifts. 
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exclusion experiment to test whether a pollinator shift had oc
curred in the dwarf population towards diurnal pollination. 
Lastly, we analysed the genome size of C. brasiliense in both 
ecotypes and chromosome number on the dwarf ecotype to as
sess whether one of the observed morphotypes could result from 
polyploidization, or whether the dwarfism observed in the 
southernmost population represents a potential adaptive re
sponse to harsh Cerrado environments shaped by seasonal fire 
and frost events. Both scenarios may have contributed to the 
emergence of distinct pollination niches.

MATERIAL AND METHODS

Study species and sites

Caryocar brasiliense is a fire-prone and keystone species wide
ly distributed in the savanna vegetation within the Brazilian 
Cerrado. It produces terminal racemose inflorescences arranged 
above the canopy. Each inflorescence bears conspicuous, acti
nomorphic, white to yellowish-cream, scented flowers with a 
brush-like morphology, containing 350–500 stamens (Gribel 
and Hay, 1993).

Caryocar brasiliense exhibits a nocturnal anthesis, with flowers 
opening in the late afternoon, just before the onset of bat activity. 
Early in the evening, bats (frequent visitors of the arboreal form, 
Fig. 1D) begin flying across the landscape in search of floral re
sources and to establish their nightly foraging routes (Gribel and 
Hay, 1993; Bobrowiec and Oliveira, 2012). In addition to glosso
phagine bats, the sulphur-containing compounds in the floral 
scent, along with the abundant nectar and pollen, attract a broad 
range of floral visitors, including non-flying mammals, humming
birds, hawkmoths, bees, wasps and flies (Paiva et al., 2019; Souza 
et al., 2022). Although the brush-like morphology of the flowers 
allows for mixed pollination systems, as it does not impose mor
phological constraints preventing legitimate visits by diverse pol
linators (Amorim et al., 2013; Primo et al., 2022; de Matos Costa 
et al., 2025), bats are substantially more efficient pollinators than 
bees in the arboreal form (see Dias, 2017).

Caryocar brasiliense has populations with a disjunct distribu
tion within the Cerrado, which results from multiple maternal lin
eages (Collevatti et al., 2003). This genetic differentiation may 
give rise to phenotypic variation among populations occurring 
in different regions of the species’ range. For example, the typical 
C. brasiliense subsp. brasiliense is a tree that can reach up to 15 m 
in height and occurs predominantly in the core region of the 
Cerrado (Fig. 1A). In contrast, the most recent lineage, C. brasi
liense subsp. intermedium, is a dwarf form found in high-elevation 
peripheral areas at the southernmost boundaries of the Cerrado. 
This ecotype grows as a hemicryptophyte shrub, with flowers be
ing produced by plants ranging from just a few centimetres above 
the ground (Fig. 1B) up to 2.0–3.0 m in height, with its main trunk 
prostrated and often entirely located below ground (Fig. 1C).

We studied populations of C. brasiliense at three sites across 
its range, encompassing both the arboreal and dwarf forms 
(Fig. 2; Supplementary Data Table S1; Fig. S1). The dwarf 
form occurs in the municipality of Botucatu, São Paulo State, 
south-eastern Brazil, whereas the arboreal populations are lo
cated further north. Distances between the two arboreal popula
tions are relatively short compared to those separating them 
from the dwarf population. All sites share similar main soil 

types, and vegetation structure varies from ‘campo sujo’ (dwarf 
form) to Cerrado ‘sensu stricto’ and Cerrado ‘sensu lato’ (arbo
real populations). Climatic variables were summarized using 
historical records since the 1960s, providing an overview of en
vironmental conditions at each site. Although detailed informa
tion on historical fire regimes, including extent, frequency and 
intensity, is unavailable for these specific locations (but see 
Segura-Garcia et al., 2025, for fire regimes within the 
Cerrado), fire is recognized as an important selective pressure 
shaping plant–animal interactions in Brazilian ecosystems, al
beit often poorly investigated (Ballarin et al., 2024a). These 
abiotic factors, while not precisely quantifiable at a long-term 
evolutionary scale, probably exerted selective pressures that 
contributed to the differentiation of the dwarf hemicryptophyte 
life form. Fieldwork was carried out during the flowering peak 
of C. brasiliense, which lasts for 1–2 months between June and 
December, depending on the locality, from 2019 to 2022.

Floral traits

To evaluate whether the arboreal and the dwarf forms of 
C. brasiliense represent distinct pollination ecotypes, we mea
sured several traits related to plant–pollinator matching (e.g. 
floral size, and anthesis) and pollinator rewards (nectar produc
tion dynamics and chemical composition). Anthesis in the 
dwarf form was recorded using time-lapse cameras 
(Supplementary Data Video S1), while anthesis in the arboreal 
form was monitored through focal observations of individual 
flowers. Using a digital calliper, we measured: (1) petal height 
and width (mm); and (2) stamen and carpel length (mm). Petal 
area in C. brasiliense was approximated as elliptical and calcu
lated using the formula: petal area = π ×  [(petal width/2)  ×  
(petal height/2)]. For these measurements, we randomly select
ed three to five mature flowers per individual across all studied 
populations. In the dwarf population, we measured 380 flowers 
from 121 individuals, while for the arboreal populations, we 
measured 425 flowers from 108 individuals.

To test whether morphometric floral traits differ between arbo
real and dwarf forms, we performed linear models (LMs), consid
ering form (arboreal vs. dwarf) as a fixed factor and the following 
floral traits as response variables: petal height and width, stamen 
and carpel length, and petal area. A multiple-testing correction 
using the Benjamini–Hochberg method was applied to control 
the false discovery rate. In addition, we conducted a non-metric 
multidimensional scaling (NMDS) analysis to assess multivariate 
differences in floral morphology between plant forms, based on 
petal area, stamen length and anther length. NMDS was per
formed using Bray–Curtis distances and the ‘metaMDS’ function 
from the vegan package in R (Dixon, 2003). In this analysis, in
dividuals were categorized by plant form (n = 2) and population 
(n = 3). Finally, to assess whether the morphometric traits dif
fered between plant forms and populations, we performed a per
mutational multivariate analysis of variance (PERMANOVA) 
using the ‘adonis2’ function from the vegan package in R, with 
10 000 permutations. Plant form, population and their interaction 
were included as fixed factors.

We evaluated nectar production dynamics only in the dwarf 
form, as the arboreal form has already been characterized in 
the literature (see Bobrowiec and Oliveira, 2012). Although 
the nectar removal intervals are not directly comparable, those 
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data allow for a contextual comparison of nectar production 
peaks between the two forms. In a dwarf population, we select
ed 90 flowers (two to three per individual) and isolated them 
with nylon mesh bags to prevent interference from floral visi
tors. Over an 18-h period, corresponding to the complete life
span of flowers in C. brasiliense subsp. intermedium, we 
sampled nectar in six sets of 15 flowers each, at 3-h intervals 
starting as soon as the dwarf flowers had fully opened, from flo
ral opening to senescence. Nectar volume was measured using a 
microlitre syringe (Hamilton, NV, USA) and sugar concentra
tion (percentage sucrose, mass/mass) was determined with a 
pocket refractometer (0–90 %; Instrutherm, RT-280) as in 
Amorim et al. (2013). Sugar mass was then calculated follow
ing Galetto and Bernardello (2005).

We used the one-way analysis of variance (ANOVA) and a 
Tukey post hoc test to compare nectar traits across time inter
vals and characterize the pattern of nectar production, including 
secretion, cessation and possible reabsorption (Ballarin et al., 
2022). For this analysis, we considered nectar volume, concen
tration and amount of sugar as response variables to test for dif
ferences among time intervals throughout the flower lifespan.

Finally, we also compared the chemical composition of nectar 
sugars between the arboreal and dwarf forms of C. brasiliense. 
Nectar was extracted from five flowers per plant form. The soluble 
sugar profile was analysed using high-performance ion chroma
tography (Dionex ICS-5000+). Filtered samples and standards 
(0.22-μm filter) were run through a chromatography system 
with a quaternary pump, autosampler, DCS-5000 electrochemical 

detector (Thermo®), P-100 column (Carbopack®) and Ag/AgCl 
reference electrode. Sugars were identified by comparing reten
tion times to standards. Quantification was performed using stan
dard curves for D-(+)-glucose (≥99.5 %), D-(+)-mannose 
(≥99.5 %), D-(−)-fructose (≥99 %) and sucrose (≥99.5 %; 
Sigma-Aldrich®; Suksom et al., 2015; Campos et al., 2023). 
The sucrose / hexose ratio was calculated as sucrose / (glucose  
+ fructose). Values below 0.1 were classified as hexose-rich nec
tar, values between 0.1 and 0.499 as hexose-dominant nectar and 
values above 0.5 as sucrose-dominant nectar (Baker and Baker, 
1983).

Pollinator efficiency and reproductive success

We recorded both diurnal and nocturnal floral visitors only in 
the dwarf form of C. brasiliense through focal observations and 
infrared (IR) motion- and heat-activated cameras (Bushnell 
Natureview model 119740, Bushnell Corp., Overland Park, 
KS, USA). We distinguished legitimate from illegitimate visits 
by classifying as legitimate those in which visitors contacted an
thers and stigmas of the flower. To assess the visitation rates by 
diurnal and nocturnal visitors, we calculated the number of vis
its per unit of time. The unit of time was defined as the product 
of the number of flowers observed and the total hours of sam
pling (sensu Muchhala et al., 2009), which accounts for differ
ences in the number of flowers observed across sampling 
methods and periods of observations. In the dwarf populations, 
floral visitor observations totalled 174 h during the day and 
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FIG. 2. Geographical locations of the study sites. Botucatu – SP in the southernmost region of the Cerrado, where Caryocar brasiliense exhibits the hemicrypto
phytic and dwarf life form (green circle); Caldas Novas – GO and Uberlândia – MG, areas in the core region of the Brazilian Cerrado, where C. brasiliense presents 
the typical arboreal form (purplish diamonds). The polygon in beige represents the distribution of the Cerrado (the Neotropical savanna of Brazil), where C. bra
siliense occurs throughout its entire range. Due to the large geographical range of the Cerrado, climatic differences and variation in fire and frost regimes are ex
pected. The municipality of Botucatu, located at higher elevation, frequently experiences both fire and frost events. Lower temperatures with frequent frosts are 

conditions less common in the core region of the Cerrado, where mean annual temperatures are higher. 
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166 h at night, carried out in 2019 and 2021. We did not conduct 
focal observations of floral visitors in the arboreal form. 
However, bat visitation to arboreal C. brasiliense is widely rec
ognized as frequent and essential for reproductive success in 
this typically chiropterophilous species (Gribel and Hay, 
1993; Bobrowiec and Oliveira, 2012; Souza et al., 2022; 
Fig. 1D).

We also investigated whether bee visitation in the dwarf form 
is associated with the nectar production rhythm. Following 
Ballarin et al. (2022), we conducted a generalized linear model 
(GLM) to analyse the hourly frequency of bee visits in relation 
to the amount of sugar produced by flowers throughout the day. 
Predictor variables included the sugar content (mg) of floral 
nectar and bee size class (i.e. small-, medium- and large-bodied 
bees), while the response variable was bee visitation frequency. 
The GLM was fitted using a Poisson distribution for the error 
structure.

To evaluate the effects of diurnal and nocturnal pollinators on 
fruit and seed set, we conducted floral visitor exclusion experi
ments only in the dwarf form of C. brasiliense, as chiropterophily 
in the arboreal form is well established and recognized as essential 
for reproductive success (Gribel and Hay, 1993; Bobrowiec and 
Oliveira, 2012). In 2019, we randomly selected 31 individuals 
of C. brasiliense subsp. intermedium. For each individual, 5–11 
flowers were marked per treatment, totalling 199 flowers for the 
nocturnal exclusion and 200 for the diurnal exclusion. To exclude 
diurnal floral visitors, flowers were left exposed to nocturnal vis
itors from dusk (1800 h) until dawn (0430 h), after they were 
bagged with nylon mesh to prevent visits during the day. 
Conversely, to exclude nocturnal visitors, flowers were bagged 
at dusk (1800 h) and unbagged at dawn (0430 h), thereby allowing 
access only to diurnal floral visitors. Fruit and seed set were as
sessed for each individual by calculating the ratio of fruits or seeds 
to the number of flowers (as in Van der Niet et al., 2014). To test 
whether fruit and seed set were influenced by diurnal and noctur
nal floral visitors, we fitted two linear mixed models (LMMs), 
with fruit and seed set as response variables, exclusion treatment 
(diurnal or nocturnal) as the fixed factor, and individual identity as 
a random effect. Post hoc multiple comparisons between treat
ments were performed using Tukey tests with the ‘emmeans’ 
package in R (Lenth, 2016).

Cytogenetic analysis: genome size estimation and chromosome 
number. Genome size estimation was carried out using ap
proximately 50 mg of fresh young leaf tissue from each sample, 
co-macerated with the 25 mg of leaf tissue from the internal ref
erence Solanum lycopersicum cv. ‘Stupicke’ (2C = 1.96 pg; 
Doležel et al., 1992 ). Both materials were macerated in 
0.5 mL of extraction buffer (Ebihara et al., 2005) supplemented 
with RNase (0.025 µg mL−1). The nuclear suspensions were fil
tered and stained with 12.5 µL of a 1 mg mL−1 propidium io
dide solution (Sigma). Leaf samples were collected from two 
dwarf populations in the southernmost Cerrado (Botucatu, 
São Paulo State) and one arboreal population from the core re
gion of the Cerrado (Uberlândia, Minas Gerais State), with three 
individuals per population analysed in triplicate.

A flow cytometry experiment was performed using a 
FACSCanto II cytometer (Becton Dickinson, San Jose, CA, 
USA), kindly made available by the Sector of Microbiology 
and Immunology, Institute of Biosciences (IBB-UNESP). 

Histograms were generated using FACSDiva software, based 
on 5000 events per run. Statistical evaluation was performed us
ing FlowJo™ v.10.8 software (BD Life Sciences; https://www. 
flowjo.com/). Quality control was based on two estimates: the 
coefficient of variation (CV) of each measurement and the stan
dard deviation (s.d.) among genome size estimates. Both values 
were required to remain below 5 %, ensuring that observed var
iation was attributed to technical factors rather than represent
ing intraspecific genomic variation. The genome size for the 
three analysed populations was estimated following Pellicer 
and Leitch (2014). Flow cytometry measures the fluorescence 
emitted by stained nuclei as they pass through a laser beam, as
suming a direct relationship between the fluorescence intensity 
and the amount of DNA in the nuclei. Finally, we used a one- 
way ANOVA to test whether genome size differed among the 
three populations.

The chromosome number of dwarf C. brasiliense individuals 
from the southernmost Cerrado was analysed in meiotic cells. 
Floral buds were collected and fixed in a 3:1 solution of absolute 
ethanol and glacial acetic acid (v/v) at room temperature for 24 h 
and subsequently stored at −20 °C in the same solution. For slide 
preparation, anthers were squashed in a drop of 60 % acetic acid. 
Coverslips were removed by freezing the slides in liquid nitrogen, 
followed by air-drying. Slides were subsequently stained with 2 % 
Giemsa solution. Chromosomes were observed under an Olympus 
BX51 microscope, and selected metaphases were photographed 
using a CCD camera and analysed with the software CellSens 
(Olympus, Inc.). Image contrast and brightness were 
adjusted for uniformity using Adobe Photoshop CS5 (Adobe 
Systems, Inc.).

RESULTS

Floral traits

Although flowers of the dwarf form of C. brasiliense exhibit 
similar colour and morphology to those of the arboreal ecotype 
(Fig. 1), they are significantly smaller (see Supplementary Data 
Table S2; Fig. 3A). Specifically, the dwarf form has shorter sta
mens and carpels, reduced petal height and width, and a smaller 
petal area compared to the arboreal form (P < 0.001; 
Supplementary Data Table S2). Differences between plant 
forms remained significant after Benjamini–Hochberg correc
tion. NMDS ordination revealed that variation in floral mor
phology is influenced primarily by plant form and, to a lesser 
extent, by population (stress: 0.039; R2 = 0.99; Fig. 3B). In ad
dition, the PERMANOVA indicated significant differences in 
floral morphometric traits across plant forms and populations. 
Most of the observed variation was explained by the plant 
form (Pseudo-F = 291.06; R2 = 0.58; P < 0.001), followed by 
population (Pseudo-F = 19.82; R2 = 0.03; P < 0.001). 
Surprisingly, floral anthesis also differed between the plant 
forms. While flowers of the arboreal form opened late in the af
ternoon, around 1700 h, those of the dwarf form began opening 
later at night, after 0200 h (Video S1).

In the dwarf form of C. brasiliense, nectar secretion began 
concomitantly with floral opening. Newly opened flowers pos
sessed 238.90 ± 57.14 μL of nectar, with a sugar concentration 
of 11.40 ± 1.71 % yielding a total of 29.04 ± 10.27 mg of sugar 
(Fig. 4). The highest sugar content was recorded between 
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0500 h and 0800 h, when flowers produced 43.41 ± 20.17 mg 
of sugars (Fig. 4A) in 312.10 ± 129.28 μL of nectar (Fig. 4B) 
with a sugar concentration of 13.10 ± 0.99 % (Fig. 4C).

Nectar production remained active until approximately 
1100 h, after which nectar volume declined significantly 
(148.20 ± 46.00 μL; F5,54 = 23.65, P < 0.001), followed by a 
decrease in sugar content (39.76 ± 12.20 mg of sugar; F5,54 =  
12.61, P < 0.001). At the end of the floral lifespan, nectar 
volume dropped sharply, while sugar concentration increased 
significantly (F5,54 = 152.30, P < 0.001), suggesting water 
evaporation rather than nectar reabsorption.

Nectar sugar composition also differed between C. brasiliense 
forms. The dwarf form produced hexose-dominant nectar with 
higher sucrose content, whereas the arboreal form produced 
hexose-rich nectar, with sucrose virtually absent (Table 1).

Pollinator efficiency and reproductive success

Bees were the most frequent floral visitors of the dwarf form 
of C. brasiliense, whereas bat visitation was rare 
(Supplementary Data Tables S3 and S4). We recorded 926 vis
its by 28 bee species, corresponding to a visitation rate of 
0.0107 visits per flower per hour. In contrast, bats were recorded 
visiting the flowers of the dwarf form only twice, resulting in a 
rate of 0.0002 visits per flower per hour, indicating that bees had 
nearly 53.5-fold higher visitation frequency than bats.

Bee visitation occurred predominantly in the morning, be
tween 0600 h and 1300 h, with a marked peak in large bees dur
ing the early morning (Fig. 5A; Supplementary Data Video S1). 
However, a secondary peak in bee visitation was also observed 
in the late afternoon, primarily involving medium-sized bees. 
This increase was largely attributable to Trigona spinipes, 
which frequently landed on flowers to feed on the viscous, 
sugar-rich nectar solution. The amount of sugar (mg) produced 
in nectar significantly influenced the visitation rate of bees 
(χ2 = 4.72; R2 = 0.40; P < 0.05; Fig. 5B). However, bee size 

class (small, medium or large) did not respond differently to 
nectar production rhythms (P > 0.05; Fig. 5B).

Due to their different sizes and behaviours, bees varied in 
their pollination efficiency according to our qualitative observa
tions of their contact with both anthers and stigmas. 
Large-bodied bees belonging to the genera Xylocopa, 
Ephicaris, Bombus, Centris, Eulaema, Euphrisia, Ptiloglossa 
and Oxaea frequently contacted the stigmas of C. brasiliense 
flowers while collecting pollen or nectar. In contrast, medium- 
bodied (e.g. Apis mellifera and Trigona spinipes) and small- 
bodied bees (e.g. Tetragonisca angustula and Paratrigona lin
eata) contacted the stigma with intermediate and low frequency, 
respectively. Fruit and seed set were notably high in the dwarf 
form of C. brasiliense. A total of 86.15 % of flowers exposed to 
diurnal pollinators developed into fruits, compared with 
32.66 % of those exposed to nocturnal pollinators. Regarding 
seed set, 63.50 % of diurnally pollinated flowers produced 
one or more seeds, corresponding to 1.24 seeds per flower. In 
contrast, 18.09 % of nocturnally pollinated flowers produced 
seeds, with an average of 0.32 seeds per flower. Pollinator ex
clusion experiments confirmed that diurnal floral visitors were 
more effective pollinators than nocturnal ones for the reproduc
tive success of the dwarf form. Flowers from which nocturnal 
visitors were excluded produced more fruits (F1,62 = 132.27; 
R2 = 0.72, P < 0.001; Fig. 6A) and more seeds (F1,62 =  
151.43, R2 = 0.77, P < 0.001; Fig. 6B) than those from which 
diurnal visitors were excluded.

Genome size and chromosome number

The genome size of C. brasiliense was estimated at 1C =  
0.50 ± 0.025 pg (489 Mbp), with no difference between the 
dwarf and arboreal forms collected from the southernmost 
and core regions of the Cerrado, respectively (F = 0.2625, 
P = 0.7744; Fig. 7A–C). This lack of variation suggests that 
no polyploidy event has occurred between these morphotypes. 
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Furthermore, a haploid chromosome number of n = 23 was ob
served in meiotic cells of the dwarf form (Fig. 7C, D). The small 
chromosome size is also consistent with the reduced genome 
size of this species (Fig. 7D).

DISCUSSION

Our results show the presence of a distinct pollination ecotype 
in the dwarf form of C. brasiliense. Although the species is gen
erally classified as chiropterophilous, dwarf populations in the 

southernmost Cerrado exhibited a shift in the pollination system 
from nocturnal bat pollination to primarily diurnal large-bodied 
bee pollination. This transition appears to be driven by coordi
nated changes in plant height and floral traits, including reduced 
flower size, altered anthesis timing, and distinct nectar dynam
ics and composition that discouraged bat visits while favouring 
bees. Together, these patterns indicate that ecological filtering 
and trait divergence may have contributed to the emergence 
of an alternative pollination strategy in the dwarf form, possibly 
representing an adaptive response to local selective pressures 
(Kay and Anderson, 2025; Moir et al., 2025).
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bees, but not bats, are active. 

TABLE 1. Nectar sugar composition of the dwarf and the arboreal forms of Caryocar brasiliense.

Sugar composition (μg) Sugar total (μg) Proportion (%)

Ecotype Sucrose (S) Glucose (G) Frutose (F) (S + G + F) S/(F + G) Type

Arboreal 0.000 ± 0 0.014 ± 0.003 0.046 ± 0.010 0.060 ± 0.013 0 Hexose-rich (HR)

Dwarf 0.005 ± 0.001 0.011 ± 0.004 0.035 ± 0.015 0.051 ± 0.019 0.108 Hexose-dominant (HD)

Nectar from the dwarf and arboreal ecotypes were sampled at Botucatu – São Paulo and Caldas Novas – Goiás, respectively. Classification of nectar type followed 
Baker and Baker (1983), in which: HD = hexose-dominant nectar; HR = hexose-rich nectar.
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Phylogeographical and palaeo-distribution evidence further 
reinforce the divergences in pollination ecotypes. Central and 
northern Cerrado populations of C. brasiliense occupied histor
ically large and stable refugia (see Ab’Saber, 2000), whereas 
peripheral south-eastern populations, including the dwarf 
form in Botucatu municipality within São Paulo state, probably 
persisted in smaller refugia during the Quaternary (Collevatti 
et al., 2003, 2012). These patterns suggest that the dwarf eco
type represents a more recent lineage relative to widespread ar
boreal populations, consistent with divergence times of 

∼3.3 Myr for south-eastern lineages (Collevatti et al., 2003, 
2012). Therefore, the emergence of dwarfism and associated 
floral traits favouring bee pollination may have occurred after 
the establishment of the central–northern lineages, potentially 
reflecting adaptation to local environmental pressures in these 
southern refugia.

Although nectar-feeding bats such as Glossophaga soricina 
remain common in the southern Cerrado, including in the study 
region where the dwarf ecotype occurs (see Amorim et al., 
2023), floral traits associated with diurnal pollination, such as 
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smaller flower size, earlier nectar availability and higher su
crose content, favour bee visitation. The predominance of 
bees as the most frequent and effective pollinators (i.e. contrib
uting to greater fruit and seed set) suggests a shift in plant– 
pollinator interactions that may have resulted from past pheno
typic changes enhancing compatibility with diurnal visitors. 
These results align with the view that secondary pollinators 
can exert meaningful selective pressure when their visitation 
rates are high and their contribution to reproductive success is 
additive (Aigner, 2001; Kay and Anderson, 2025).

These patterns are unlikely to be explained by polyploidy, as 
genome size and chromosome number were similar between the 
arboreal and the dwarf forms. Chromosome counts have previ
ously been reported for C. brasiliense populations from both 
Cerrado regions, all showing 2n = 46 (Ehrendorfer et al., 
1984; Maglio et al., 1984), although it remains unknown wheth
er any of those individuals belonged to the dwarf morphotype. 
Altogether, these findings suggest that the morphological differ
ences associated with the pollination shift were not a conse
quence of polyploidy but may have arisen through ecological 
filtering and selection. Nonetheless, differences in population 
genetic structure between arboreal and dwarf populations may 
also exist. While polyploidy and variation in genome size rep
resent large-scale chromosomal rearrangements, other forms 
of genomic variation, such as polymorphisms or large-scale 
chromosomal inversions, were not investigated in this study 
and may also have contributed to the pollinator shift.

Among the abiotic forces that can influence plant life history, 
altitude is a particularly interesting geographical factor because 
substantial environmental variation can occur over short spatial 
scales, potentially promoting phenotypic differentiation among 
populations distributed along elevational gradients (Körner, 
2007). Indeed, dwarf ecotypes of native plant species have 
been documented in high-elevation habitats (De Toma et al., 
2022). In the southernmost regions of the Brazilian Cerrado, ar
eas located at relatively high altitudes, such as the Botucatu mu
nicipality, are subject to both fire and frost, two environmental 
stressors that may favour individuals capable of protecting their 
meristems below ground (for fire effects on the Cerrado ecosys
tem see Hoffmann et al., 2019; Pilon et al., 2022; Ballarin et al., 

2024a). Altogether, these findings suggest that, in addition to 
the low soil fertility associated with seasonal drought, which 
has already been identified as a factor driving dwarfism in 
Cerrado vegetation (Oliveira-Filho et al., 1989), fire and frost 
may act as selective pressures that constrain plant size and 
height (Chiminazzo et al., 2025a, 2025b).

In addition to the proximity of flowers to the ground resulting 
from dwarfism in the southernmost populations of C. brasi
liense, a factor that may discourage bat visitation (Diniz 
et al., 2019), the shift in flower anthesis seems to be the primary 
trait limiting bat pollination, as it decouples glossophagine bat 
foraging behaviour from floral resource availability. It is impor
tant to note, however, that nectarivorous bats can effectively ac
cess the nectar and pollinate the smaller flowers of the dwarf 
form, suggesting that changes in floral morphology alone do 
not constitute a reproductive barrier. Nevertheless, the delayed 
floral opening after 0200 h probably reduces bat visitation, as 
these trap-lining species plan their foraging routes in the early 
evening (Sazima et al., 1999). In contrast, peak nectar availabil
ity coincides with the foraging period of bees, which may have 
driven the synchronization of floral traits with diurnal pollinator 
activity (Takimoto et al., 2022). Therefore, under reduced vis
itation by bats, individuals with smaller flowers and diurnally 
available floral rewards may have achieved greater reproductive 
success due to more frequent bee visits.

In this context, we outline two possible explanations for the 
convergence of floral traits in the dwarf form toward bee pref
erences. First, the reduction in floral size, shifts in anthesis tim
ing and changes in nectar sugar profile could have arisen 
directly through bee-mediated selection, as bees currently act 
as the primary pollinators of the dwarf form. Alternatively, 
dwarfism may have initially reduced plant height and produced 
smaller flowers, with subsequent modifications in anthesis tim
ing and nectar traits resulting from altered pollinator visitation 
and an improved mechanical fit to bee size. In this scenario, de
velopmental constraints could also play a role: allometry may 
have caused smaller flowers as a proportional consequence of 
reduced plant size (see Wanderley et al., 2016), whereas pleiot
ropy may have led a single genetic change to simultaneously af
fect multiple traits, such as plant height and flower size (see 
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Johnson, 2025). However, given the lack of comparative genet
ic data and the limited knowledge of the relative evolutionary 
histories of the two forms, it is not possible to unequivocally fa
vour one scenario over the other.

Besides changes in nectar production dynamics, bees adjust
ed their activity in response to the amount of nectar produced by 
the dwarf form of C. brasiliense, which is comparatively richer 
in sucrose and thus offers a higher energetic yield than the 
sucrose-lacking nectar of the arboreal form. Although nectar 
production is widespread in flowering plants (Ballarin et al., 
2024b), differences in sugar chemical composition between 
plant species are well documented across clades adapted to dis
tinct pollinators, with bee-pollinated plants typically producing 
sucrose-rich nectar, and bat-pollinated plants favouring 
hexose-rich nectar (Baker and Baker, 1983; Schmidt-Lebuhn 
et al., 2007; Kröemer et al., 2008; Amorim et al., 2013; 
Abrahamczyk et al., 2017).

Fruit and seed set in the dwarf form of C. brasiliense were 
markedly higher than those previously reported for the arboreal 
form (Gribel and Hay, 1993; Roque et al., 2023). It is possible 
that the reduced flower size increased the potential for self- 
pollination in the dwarf ecotype, allowing reproductive assur
ance in scenarios with limited bat visitation. Nonetheless, 
nocturnally pollinated flowers produced fewer seeds than those 
pollinated during the day. It is worth noting, however, that part 
of the fruit production observed in nocturnally pollinated flow
ers may have been facilitated by visits from nocturnal bees of 
the genus Ptiloglossa, which were also recorded visiting flowers 
at night.

Although C. brasiliense is a self-compatible species, this out
come was expected given the negligible number of bat visits, 
which probably resulted in a predominance of self-pollination. 
Previous studies have suggested that self-pollination in C. bra
siliense may contribute to seed abortion (Collevatti et al., 2009). 
Therefore, while self-pollination may provide reproductive as
surance under pollinator scarcity, the observed shift from bats to 
bees probably represents a more reliable evolutionary pathway 
for maintaining reproductive success in the dwarf form of 
C. brasiliense.

Bat pollination has been regarded as an evolutionary dead 
end (Tripp and Manos, 2008). Although pollinator shifts involv
ing bats and bees more commonly occur in the opposite direc
tion, i.e. from bee to bat pollination (Knox et al., 2008; Tripp 
and Manos, 2008; Martén-Rodríguez et al., 2010; 
Rosas-Guerrero et al., 2014), cases of reversal from bat to bee 
pollination have been reported, such as in the genus 
Cayaponia (Curcurbitaceae; Duchen and Renner, 2010; Kobal 
et al., 2024). Shifts from diurnal to nocturnal pollination sys
tems have previously been documented (Luckow and 
Hopkins, 1995; Perret et al., 2003; Tripp and Manos, 2008; 
Martén-Rodríguez et al., 2010), but these are typically accom
panied by conspicuous changes in floral morphology and attrac
tion. In our study, the reduced floral size alone was not sufficient 
to explain the reduced bat visitation or increased bee activity. 
Rather, the shift in floral anthesis and nectar dynamics appears 
to have played a central role in enhancing compatibility with di
urnal pollinators. Although changes in flower lifespan in re
sponse to pollination have been documented as an 
energy-saving strategy in harsh environments (Arroyo et al., 
2022), this study represents, to the best of our knowledge, the 
first report of a pollination-mediated shift in anthesis timing 

resulting from a change in primary pollinators. Our findings 
also reinforce the role of generalist floral visitors, such as 
bees, as effective pollinators under specific ecological contexts. 
Furthermore, considering that other floral traits such as scent 
(Peter and Johnson, 2014; Sayers et al., 2021), reward type 
(Castañeda-Zárate et al., 2021) and colour (Bradshaw and 
Schemske, 2003) have been implicated in pollinator shifts, we 
encourage future studies to explore how changes in chemical 
and visual cues, as well as in resource quality and quantity, 
might further facilitate bee attraction and reinforce the ongoing 
transition to diurnal pollination in this system.

CONCLUSION

In this study, we suggest that past adaptations to local environ
mental pressures have led to a pollinator shift from bats to bees 
in the dwarf ecotype of the cultural keystone species C. brasi
liense in the southernmost Brazilian Cerrado. The transition 
from bat- to bee-mediated pollination illustrates how shifts in 
different floral traits (i.e. floral anthesis timing) and resource 
presentation can mediate changes in reproductive interactions, 
even in the absence of reproductive barriers or polyploidy. 
This case highlights the potential evolutionary relevance of 
temporal mismatches between floral traits and pollinator activ
ity, suggesting that anthesis timing, nectar dynamics and nectar 
chemical composition may be as influential as morphological 
divergence in promoting pollinator turnover.
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SUPPLEMENTARY DATA

Supplementary data are available at Annals of Botany online and 
consist of the following. Video S1. Time-lapse of floral anthesis in 
the dwarf ecotype of pequi (Caryocar brasiliense subsp. interme
dium) over two consecutive nights in the southernmost region of 
the Brazilian Cerrado. At the bottom of the video, temperature 
and time are displayed for each image, captured at 5-min intervals 
from 2315 h on 20 December 2020 to 0723 h on 21 December 
2020. As the camera was activated by heat and movement, bee vis
itations were also recorded in the images. Figure S1. Historical 
trends and monthly variation in water balance and mean temper
ature. (a) Annual water balance (mm year⁻¹), (b) annual mean tem
perature (°C), (c) monthly water balance (mm month⁻¹) and (D) 
monthly mean temperature (°C) for Caldas Novas – GO (purple), 
Uberlândia – MG (light purple) and Botucatu – SP (green). Water 
balance represents the difference between precipitation and poten
tial evapotranspiration, with positive values indicating a water sur
plus and negative values indicating a deficit. Mean temperatures 
are lower in Botucatu – SP, where minimum temperatures fre
quently drop below 10 °C, suggesting that cold stress (frost) 
adds to the ecological pressures shaping the dwarf form of C. bra
siliense in this region. Figure S2. Long-term and monthly temper
ature patterns across the study regions. (a) Monthly maximum 
temperature (°C), (b) monthly minimum temperature (°C), (c) an
nual number of hot days (Tmax ≥ 30 °C) and (d) annual number of 
cold days (Tmin ≤ 10 °C) in Caldas Novas – GO (purple), 
Uberlândia – MG (light purple) and Botucatu – SP (green). The 
arboreal form of C. brasiliense occurs in Caldas Novas and 
Uberlândia, while the dwarf form occurs in Botucatu. Average 
temperatures are consistently lower in Botucatu, where, in addi
tion to the natural fire regime typical of Cerrado environments, 
frost events also occur frequently and probably exert selective 
pressures on the dwarf populations. Table S1. Locations of study 
sites for the investigation of C. brasiliense ecotypes. Botucatu – 
SP is characterized as Cerrado ‘campo sujo’, referring to an 
open savanna with scattered shrubs and small trees; this site hosts 
dwarf morphs not only of C. brasiliense but also of other plant spe
cies such as Palicourea rigida (Rubiaceae) and Byrsonima inter
media (Malpighiaceae). Uberlândia – MG corresponds to Cerrado 
‘sensu stricto’, which features a denser savanna with a continuous 
tree layer and a well-developed shrub stratum. Caldas Novas – GO 
represents Cerrado ‘sensu lato’, a mosaic of open savanna and for
ested patches with taller vegetation and higher tree density. 
Table S2. Flower morphometric traits of the dwarf and the arbo
real forms of C. brasiliense. Letters after mean ± s.d. values depict 
multiple comparisons among ecotypes with a Tukey post hoc test. 
Subscript numbers before F values represent degrees of freedom. 
Table S3. Day and night sampling effort and floral visitation in the 
dwarf ecotype of C. brasiliense. Table S4. List of bee species re
corded visiting the dwarf ecotype of C. brasiliense.
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