Annals of Botany 120: 1–20, 2017
doi:10.1093/aob/mcx055, available online at https://academic.oup.com/aob

REVIEW

Understanding intraspecific variation of floral scent in light of
evolutionary ecology
Roxane Delle-Vedove1, Bertrand Schatz2 and Mathilde Dufay1,*
1

Universite de Lille, CNRS UMR 8198 Evo-Eco-Paleo, 59655 Villeneuve d’Ascq Cedex, France and 2CEFE (Centre
d’Ecologie Fonctionnelle et Evolutive), UMR 5175, CNRS, Université de Montpellier, Université Paul-Valéry Montpellier,
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 Background and Aims Among the various floral traits involved in pollinator attraction and potentially under selection mediated by pollinators, floral scent/fragrance has been less investigated than other components of floral
phenotype. Whether or not pollinator-mediated selection impacts floral scents depends on the heritability of scent/
fragrance and the occurrence of some variation within species. Although most studies have investigated how scent
varies among species, growing amounts of data are available on variation at the intraspecific level.
 Methods The results of 81 studies investigating intraspecific variation of floral scents in 132 taxa were reviewed.
For each study, whether variation was found in either identity, proportion or absolute quantities of volatile organic
compounds (VOCs) was recorded, as well as information with the potential to explain variation, such as methodology, plant origin or pollination biology.
 Key Results Variation was found for almost all investigated species, both among individuals (among and sometimes within populations) and within individuals across different temporal scales. Cases in which such variation is a
possible result of pollinator-mediated selection were analysed, by discussing separately selection related to variation
in pollinator identity/behaviour among populations or across time, deceit pollination and sex-specific selection. Not
surprisingly, in many cases, pollinator-mediated selection alone does not explain the observed variation in floral
scent. This led us to review current knowledge on less investigated factors, such as selection mediated by natural enemies, genetic drift and gene flow, environmental constraints, phylogenetic inertia, or biochemical constraints that
could be invoked to explain scent variation.
 Conclusions This review highlights the great potential of analysing floral scent variation and including it in integrated studies of floral phenotypes. We also have identified the current gaps in our understanding of this complex
signal and we propose several methodological and conceptual future directions in this research area.
Key words: Pollination, chemical ecology, intraspecific variation, evolution, reproductive strategies, odour.

INTRODUCTION
The role of pollinator-mediated selection in floral design has
been embraced for >250 years by dozens of biologists spanning
Kolreuter (1761), Sprengl (1793), Darwin (1862) and Stebbins
(1970), to name a few. However, the intraspecific variation of
floral traits is a widespread characteristic of angiosperms, and
its emergence and maintenance have been widely questioned
by some biologists (Galen, 1999; Warren and Mackenzie,
2001; Schemske and Bierzychudek, 2007). While floral scent/
fragrance is considered a crucial pollinator attractant, it remains
relatively poorly understood compared with visual cues such as
flower colour or morphology (Fenster et al., 2004; Dicke, 2006;
Raguso, 2008a, b; Whitehead and Peakall, 2009) that together
make up a suite of traits that underlie the idea of ‘pollination
syndrome’ in nature (Fenster et al., 2004). Floral scent is not
easy to quantify, thus data have been slow to accumulate in the
literature. This may be attributable to the nature of floral scent
itself, which is less obvious than visual cues and requires more
specialized equipment and interdisciplinary skills to be characterized (Dicke, 2006). However, during the past decade, the development of highly efficient tools in plant chemical analyses

and insect sensory biology has led to a growing body of literature on floral scents and their variation (e.g. Raguso, 2008b). It
is now possible to investigate the ecological and evolutionary
processes that influence floral scent.
Most of the studies that have investigated the variation in floral scents and its evolutionary implications have focused on interspecific comparisons. Such studies usually investigate which
volatile organic compounds (VOCs) may be involved in reproductive isolation between two taxa (by usually attracting distinct pollinators) thereby reducing gene flow and contributing
substantially to speciation (Byers et al., 2014; Schiestl, 2015).
However, as pointed out by Knudsen (2002) and Raguso
(2008a), a prerequisite to this scenario is the occurrence and the
heritability of some variation at the intraspecific level. Thus,
the description of patterns in intraspecific variation of floral
scents, as well as the understanding of the evolutionary and
ecological processes involved in the appearance and maintenance of such variation, are crucial points to be investigated.
Studying floral scent separately from the other floral traits is
somewhat artificial, as it precludes investigation of the interactive value of floral traits (see Fenster et al., 2004). By focusing
on floral scent/fragrance, this review constitutes a first step in the
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incorporation of scent within evolutionary studies of floral phenotype. Specifically, we review the main patterns of variation in
floral scent within species at two scales: among individuals at
various geographical scales and within individuals across time
(Fig. 1). Although these two categories of variation are usually
investigated separately, they can be explained by common ecological and/or evolutionary processes. Herein, we consider the
different factors that are expected to generate and maintain variation in floral scents. This includes pollinator-mediated selection
which is generally the most often discussed cause of scent variation, but we also consider selection mediated by other nonpollinating insects, genetic drift, migration and various forms of
constraints. We merge the current knowledge about spatial and
temporal variation in order to discuss whether observed variation
may actually reflect the impacts of these various factors. This allows us to underline the current gaps and to propose several
stimulating perspectives in this research area.

Literature search and data extraction

We built our bibliographic database in Web of Sciences (until October 2016) by searching published articles containing the

words ‘floral/flower’, ‘scent/odo(u)r//fragrance’ and ‘variation’.
We retained all original studies that showed a statistical or
graphical comparison of floral scents at the intraspecific level,
among and/or within individuals, either in natural populations
or in controlled conditions (greenhouse or experimental garden), leading to a list of 81 studies carried out on 132 species or
subspecies, from 28 Angiosperm families and one
Gymnosperm (Table 1). We chose not to include variation in
floral scents due to pathogens, wounding or other external treatments. Studies reporting interspecific variation in floral scents
were retained only in cases where they also investigated variation within at least one of their studied taxa. We excluded studies that presented variation among individuals for which the
geographical origin was unclear. Some of the studies found
with our literature search were reviews based on previously
published results (Ashman, 2009; Juillet and Scopece, 2010;
Ackerman et al., 2011). We cite and discuss these studies but
did not include them in Table 1.
For all included studies, we extracted the following information: the method used for scent extraction, conditions in which
scent extraction was performed (in natural populations vs. controlled conditions), total number of sampled individuals, the
scale of variation investigated (geographic vs. temporal),

A

Within
population

Within
population 1b

1a, 2, 5

1a, 2, 3, 4

1b

Among
populations

B
1a,2,4

1. Pollinator-mediated selection:
a. Divergent selective pressures
b. Balanced selection
2. Herbivore-mediated selection
3. Genetic drift vs. gene flow
4. Environmental constraints
5. Biochemical constraints

1a,2,4

Flower
ontogeny:
Time (d)

1a,2,4,5

1a,2,4,5
Diel through day period

1a,2,4,5
Diel through night period

Time (h)

FIG. 1. Schematic representation of the various scales of floral scent variation and the main ecological and evolutionary processes associated. (A) Variation in floral
scents among individuals can occur both within and among populations (solid circles). Within populations, variation can occur between groups of plants (e.g. sexual
types, colour phenotypes, dashed circles) or among equivalent individuals. (B) Variation in floral scents within individuals occurs at several time scales: across flower
ontogeny, between day and night and along a diel period. In the box are listed the main processes involved in variation of floral scents: (1) Pollinator-mediated selection can generate variation in floral scents (1a) if divergent selection occurs, either because the cost–benefit balance of the interaction with the same pollinator species
varies (between plant genders ot between plant phenological stages) or because they interact with different pollinator species (that can vary both among populations
and along with time); (1b) if pollination is achieved by deceit, since pollinators can cause variation through balanced selection. (2) If the identity, occurrence or effect
of herbivores varies among populations or across time, herbivore-mediated selection can generate variation in floral scent. (3) The balance between the effects of genetic drift and gene flow impact variation among populations, particularly for biologically inactive volatile compounds. (4) The variation in some environmental
components that affect the functioning of metabolic pathways or compound release (e.g. temperature, humidity or soil) should cause some variation in floral scents.
(5) Finally, biochemical processes may explain some of the observed variations both within individuals (depending on the metabolic rhythms) and between individuals (of different colour).
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Hesperis matronalis
Cactaceae
Echinopsis ancistrophora
ssp. ancistrophora
Echinopsis chiloensis ssp.
chiloensis

Philodendron
bipinnatifidum
Philodendron form
selloum
Anthurium antioquiense
Arecaceae
Chamaerops humilis
Geonoma macrostachys
var. macrostachys
Geonoma macrostachys
Asclepediaceae
Stephanotis floribunda
Ceropegia dolichophylla
Asteraceae
Cirsium arvense
C. repandum
Brassicaceae
Arabidopsis thaliana
Hesperis matronalis

Angiosperms
Agavaceae
Yucca elata
Y. filamentosa
Amaryllidaceae
Narcissus assoanus ssp.
assoanus
N. a. ssp. praelongus
N. bugei
N. bulbocodium ssp.
bulbocodium
N. gaditanus
N. jonquilla
N. papyraceus
N. serotinus
N. triandrus ssp.
pallidulus
Pancratium maritimum
Apocynaceae
Xysmalobium parviflorum
Araceae
Homalomena propinqua

Family/species

General

G

H

G

H

G

G
G

H
H

H

G
G, D

H
H

G

G, D

M

H

S, N, D
G, D

D
M

S

H

–

S

H

H

S

H

S

G
G
G
G
G

H
H
H
H
H

H

G
G
G

H
H
H

S

G

H

H

S
S

Poll

H
H

Repro

0

2

2

0
0

0
0

0
0

2

2
2

0

1

1

0

1

0

2
2
2
2
2

2
2
2

2

2
1

With Pop

Colour: qs

Colour: qs

Sex: QS

Morphotypes: S*

Sex: Qs

Sex: QS

Category

QS

Q
QS white M,
Qs purple M
QS

S*

QS

S

S

S

S

qS
Qs

Btw Pop

Type of variation

DN: S

DN: qs

DN: QS both M

DN: QS, DP: QS, O: QS
DN: QS, DP: QS, O: QS

DP: QS
DP: q*, IF: QS

O: QS

DP: S*

Sex: QS

Sex: qs

DP: QS

With Indiv

TABLE 1. Recapitulative table of information for all species

Excl

B

B

T

Behav

37

99

70
31

2

22

12
54

1

8

12

10

8

130

3
2
5
2
3

3
3
3

2

34
87

N

Methods

P

P

P

M
M

P
P

C
C

P

C
P

C

P

P

P

P

P

M
M
M
M
M

M
M
M

M

P
P

Extr

(continued)

Schlumpberger and Raguso
(2008)
Lemaitre et al. (2014)

Majetic et al. (2008)

Tholl et al. (2005)
Majetic et al. (2007)

Theis et al. (2007)
Theis et al. (2007)

Pott et al. (2002)
Heiduk et al. (2010)

Borschsenius et al. (2016)

Dufa et al. (2004)
Knudsen (2002)

Kuanprasert et al. (1998)

Gottsberger et al. (2013)

Kumano-Nomura and
Yamaoka (2009)
Gottsberger et al. (2013)

Shuttleworth (2016)

Sanaa et al. (2012)

Dobson et al. (1997)
Dobson et al. (1997)
Dobson et al. (1997)
Dobson et al. (1997)
Dobson et al. (1997)

Dobson et al. (1997)
Dobson et al. (1997)
Dobson et al. (1997)

Dobson et al. (1997)

Svensson et al. (2006)
Svensson et al. (2005)
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G
G
G
G
G, N

G,N
G
G
G
G
G
G
G

H
H
H
H

H

D
D
D
D

H
D
D
H

H
H

H

H

S. dioica
S. latifolia
S. latifolia
S. latifolia

S. stellata
S. otites
S. otites
S. sennenii
Ericaceae
Pyrola grandiflora
P. rotundifolia ssp.
maritima
P. rotundifolia ssp.
rotundifolia
Vaccinium corrymbosum

G
G
G

H
H

H

D
D

D
D
D
D
D
D
M
M
D

Moraceae
Ficus auriculata
Ficus carica

Ficus exasperata
Ficus fistulosa
Ficus fulva
Ficus hispida
F. hispida
F. hispida
F. racemosa
F. racemosa
F. semicordata
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S, D, N
S, D, N
S, D, N
S, D, N
S, D, N
S, D, N
S, N
S, N
S, D, N

S, D, N
S, D, N

G

H

Fumariaceae
Corydalis cava
Magnoliaceae
Magnolia kobus
Magnolia sprengeri
Mimosoideae
Parkia biglobosa

G (N)
G, N
G, N
G, N

G
G
G

Poll

H
H
H

Repro

Gymnocalicium bruchii
G. andreae
G. bodenbenderianum
spp. intertextum
Rebutia arenacea
R. fabrisii
R. heliosa
R. marsoneri
Caryophyllaceae
Silene ciliata

Family/species

General

1
1
1
1
1
0
1
1
1

1
0

2

2
1

2

0

2

2
2

0
0
1
0

0
2
0
0

1

0
0
0
0

0
2
0

With Pop

Sex: qS

Sex: QS*

Sex: qS
Sex: qS, spring
#/$; qs,
summer #/$
Sex: qS
Sex: Qs
Sex: qs
Sex: qs

Colour: qs*

S

S

QS*

QS

S

S

S

qs

Sex: q

Sex: Q

qS

S

Btw Pop

Sex: q

Category

Type of variation
With Indiv

DN: QN, O: QS

O: QS, P: QS

O: qS

DP: QS

O and Sex: S

DN: Q, DP: QS, P: QS

DN¼S*

DN: QS
DN: Q*, DP: Q*, O:
Q*, P: Q*, S: Q*
DN: QS*
DN: QN, DP: QS

DN: qS

DN¼QS*

IF: Q*
DN: Qs, DP: Qs, IF: Q*
IF: Q*
DN: Qs, DP: Qs, IF: Q*

IF: Q*
DN: Qs, DP: Qs, IF: Q*
DN: Qs, DP: Qs, IF: QS*

TABLE 1. Continued

EAG

T, Excl

T
B
Excl

Supp

Supp

EAG, Excl

Behav

23
11
7
18
19
4
22
10
10

8
23

15

52
1

35

14

4
9

5
4
63

52
98
55
98

121

N

Methods

P
P
P
P
P
M
P
P
P

P
M

P

P
P

P

C

P

P
P

P
C
C
P

C
C
C
C

P

C
C
C
C

C
C
C

Extr
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Hossaert-McKey et al. (2016)
Hossaert-McKey et al. (2016)
Hossaert-McKey et al. (2016)
Hossaert-McKey et al. (2016)
Soler et al. (2011)
Proffit et al. (2008)
Soler et al. (2011)
Borges et al. (2013)
Hossaert-McKey et al. (2016)

Hossaert-McKey et al. (2016)
Soler et al. (2012)

Petterson and Knudsen
(2001)

Azuma et al. (2001)
Wang et al. (2014)

Olesen and Knudsen (1994)

Rodriguez-Saona et al.
(2011)

Knudsen (1994)

Knudsen (1994)
Knudsen (1994)

Castillo et al. (2014)
Dötterl et al. (2012)
Salma Juhmur et al. (2008)
Martinell et al. (2010)

Gimenez-Benavides et al.
(2007)
Waelti et al. (2008)
Dötterl et al. (2007)
Waelti et al. (2008)
Dötterl et al. (2005)

Schlumpberger et al. (2004)
Schlumpberger et al. (2004)
Schlumpberger et al. (2004)
Schlumpberger et al. (2004)

Schlumpberger et al. (2004)
Schlumpberger et al. (2004)
Schlumpberger et al. (2004)
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G
G
G, D
G, D
D
G, D
G, D
G

G
G
G
G
G
S, N
S, N
G
S, N
S,N
S,N
S,N
S, N
S, N
S, N

H

H
H
H
H

H
H
H

H
H
H
H

H
H
H

H
H
H
H
H
H
H
H
H

H

H
H
H
H

D
M
M
M
M
M
M
M
M
M
M

Gymnadenia conopsea
G. odoratissima
G. odoratissima
Op. arachnitiformis

Op. exaltata
Op. exaltata
Op. exaltata

Op. garganica
Op. monte-gargano
Op. sphegodes
Op. sphegodes
Op. sphegodes
Orchis mascula
Or. mascula
Or. pauciflora
Platanthera bifolia

P. chlorantha

Schizochilus angustifolius
S. bulbinella
S. flexuosus
S. zeyheri
Phyllanthaceae
Antidesma japonicum
Breynia vitis-idaea
Breynia vitis-idaea
Flueggea suffruticosa
Glochidion acuminatum
G. daltonii
G. eriocarpum
G. hirsutum
G. lanceolatum
G. obovatum
G. rubrum

G

S, D
D
S, D
D
S, D
G, D
G, D
G, D
G

S, D
S, D
S, D

G
G
G
S, D

S, D, N

Poll

D

Repro

F. septica
Nyctagenaceae
Abronia umbellate
Orchidaceae
Anacamptis coriophora
A. morio
Calanthe sylvatica
Cypripedium calceolus
var. parviflorum
Dactylhoriza romana
Epidendrum ciliare
Gongora pleiochroma

Family/species

General
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1
1
0
1
1
1
1
1
1
1
1

0
0
0
0

2

2
2
1
2
0
2
2
2
2

1
2
1

0
0
1
2

2
2
2

2
2
2
2

0

1

With Pop

Sex: s
Sex: S
Sex: QS
Sex: s
Sex: S
Sex:QS
Sex:QS
Sex: QS
Sex: S
Sex: S
Sex: S

Colour: s

Colour: qs

Colour: s

Colour: Q

Colour: S

Sex: qS

Category

QS
QS
QS

QS*

S
S
QS*

S

S

s

qS
0§

S
s

S
0‡

QS†

Btw Pop

Type of variation

TABLE 1. Continued

DN: Q, P: QS

DN: QS
DN: QS

O: S

With Indiv

EAG, B

Trans
T
B

T

Trans
T

B

EAG, T
EAG, T

EAG
EAG, Supp

Behav

14
36
12

21
34
37
5
18

5
10
13
5

25

M
M
P
M
M
M
M
M
M
M
M

P
P
P
P

P

M
M
M
M
M
P
P
P
P

M
M
P

>60
161
103
22
22
>60
142
63
36
76
76
34

P
P
P
M

P
C
C

P
P
P
P

PC

P

Extr

94
118
>103
45

37
>29
16

43
59
58
15

129

12

N

Methods

(continued)

Okamoto et al. (2013)
Okamoto et al. (2013)
Svensson et al. (2010)
Okamoto et al. (2013)
Okamoto et al. (2013)
Huang et al. (2015)
Huang et al. (2015)
Huang et al. (2015)
Okamoto et al. (2013)
Okamoto et al. (2013)
Okamoto et al. (2013)

Salzmann and Schiestl (2007)
Moya and Ackermann (1993)
Hetherington-Rauth and
Ramirez (2016)
Huber et al. (2005)
Huber et al. (2005)
Gross et al. (2016)
Vereecken and Schiestl
(2009)
Breitkopf et al. (2013)
Mant et al. (2005)
Vereecken and Schiestl
(2008)
Mant et al. (2005)
Mant et al. (2005)
Breitkopf et al. (2013)
Mant et al. (2005)
Schiestl et al. (1997)
Dormont et al. (2010)
Salzman et al. (2007b)
Salzman et al. (2007b)
Tollsten and Bergstrom
(1993)
Tollsten and Bergstrom
(1993)
Van der Niet et al. (2010)
Van der Niet et al. (2010)
Van der Niet et al. (2010)
Van der Niet et al. (2010)

Salzman et al. (2007a)
Salzman et al. (2007a)
Delle-Vedove et al. (2011)
Barkman et al. (1997)

Doubleday et al. (2013)

Hossaert-McKey et al. (2016)
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G. sphaerogynum
G. zeylanicum
G. zeylanicum
Phyllanthus flexuosus
P. reticulatus
P. roseus
Plantaginaceae
Penstemon digitalis
Penstemon digitalis
Polemoniaceae
Linanthus dichotomus
subsp. dichotomus
L. dichotomus sbsp.
meridianus
Phlox divaricata
Polemonium viscosum
Primulaceae
Primula elatior
P. farinosa
Proteaceae
Protea caffra
P. dracomontana
P. simplex
P. welwitschii
Ranunculaceae
Trollius europeaus
Saxifragaceae
Lithophragma affine
L. cymbalaria
L. heterophyllum
L. parviflorum
Scrophulariaceae
Antirrhinum majus
Scrophulariaceae
Buddleja fallowiana
B. officinalis
Solanaceae
‘Rastroensis’
Nicotiana africana
N. alata
N. alata
N. bonariensis
N. bonariensis
N. cavicola
N. forgetiana
N. ingulba
N. langsdorffii
N. langsdorffii
N. longiflora
N. mutabilis

Family/species

General

S,N
S,N
S, N
G
S, N
G
G
G
S
G
G
G
G
G
G
G
G
G
S, N
S
S
S
S
G

G
G
G
G
G
G
G
G
G
G
G
G
G

H
H

H

H

H
H

H
H

H
H
H
H

H

H
H
H
H

H

H
H
H
H
H
H
H
H
H
H
H
H
H

Poll

M
M
M
M
M
M

Repro

0
0
0
0
0
0
0
0
0
0
0
0
0
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QS*

QS*

QS*

S
s

2
2

qS

Q

Q

S

Btw Pop

QS†

Sex: s
Sex: s

Colour: S

Sex: QS
Sex: QS
Sex: S
Sex: s
Sex: S
Sex: s

Category

0

1
1
1
1

2

0
0
0
0

0
0

1
2

2

2

0
0

1
1
1
1
1
1

With Pop

TABLE 1. Continued
Type of variation

DN: QS*
DN: QS*
DN: QS*
DN: QS*

DN: QS*

DN: QS*
DN: qs*
DN: QS*
cf2003
DN: QS*
cf2003

O: Qs
O: Qs

IF: S

O: QS
O: QS
O: QS
O: QS

DP: QS*

DN: QS*

DN–DP: QS

With Indiv

EAG, B

Supp

B, Supp

B

Behav

4
5
3
4
3
4
1
4
1
4
6
3
4

9
14

70

19
14
15
23

47

5
5
5
5

30
39

5
16

41

38

42
12

12
14
32
10

N

Methods

C
C
C
C
C
C
C
C
C
C
C
C
C

P
P

C

C
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G
G
G
G
G
G
S

D

H

D
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H
H
H
H

Repro

0

0

1

0
0
0
0

With Pop

Sex¼qS

Category

TABLE 1. Continued

S

QS

Btw Pop

Type of variation

DP: S*

DN: QS*
DN: QS*
DN: QS*

With Indiv

EAG

Behav

73

16

4
4
3
13

N

Methods

P

P

C

C
C
C
C

Extr

Terry et al. (2007)

Suinyuy et al. (2012)

Zito et al. (2016)

Raguso et al. (2003)
Raguso et al. (2003)
Raguso et al. (2003)
Kondo et al. (2006

References

General features include: (1) reproductive system: Repro (H, hermaphroditism; M, monoecy, D, dioecy); (2) pollination system: Poll (S, specialized; G, generalized; D, deceit pollination; N, nursery pollination). Type of variation informs about variation (3) within populations: With Pop (0, no information; 1, only a few metrics of variation, e.g. s.d., coefficients of variation; 2, several metrics and/or
graphics, variation mentioned and discussed), ‘Category’ referring to comparisons between sex or colour categories of individuals; (4) among populations: Btw Pop; (5) within individuals across time:
With Indiv (DN, day vs. night; DP, diel period; O, with ontogeny; P, before vs. after pollination; IF, between different floral parts; Sex, male vs. female phase). Quantitative (Q) and semi-quantitative (S)
variation are coded in lower case letters when no variation was found and in upper case letters otherwise. Methods include: (6) behavourial tests on pollinators: Behav (T, test of odour attraction though insect traps in the field; B, behavioural test with wind tunnel or Y tube, Supp: test of the effect of odour supplementation on insect visitations; Trans, study of pollinator attraction on transplanted plant individuals; EAG. electro-antennography; Excl. pollinator exclusion experiments); (7) number of plant individuals used in the study, N; and (8) condition of odour extraction: Extr (P, natural populations, C,
controlled conditions, M, cases implying manipulation such as flower cutting).
*Studies for which statistical tests were not available.
†
Variation occurred between two groups of populations that correspond to different subspecies.
‡
No significant differences were found between individuals of different populations but this was expressed in presence/absence.
§
No significant differences found between individuals of two populations on a subset of the emitted VOCs corresponding to active compounds.

N. rustica
N. suaveolens
N. sylvestris
Petunia axillaris
Vitaceae
Vitis vinifera ssp.
sylvestris
Zamiaceae
Encephalartos villosus
Gymnosperms
Macrozamia lucida

Family/species

General
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characteristics of scent variation investigated (quantitative and/
or semi-quantitative, see below), reproductive system of the
plant, and any information provided on the pollination ecology
and their pollinators, as well as behavioural tests on pollinators
if included in the study. All information is synthesized in Table
1, except detailed information about pollinators that is presented in the Supplementary Data Table S1. For each investigated scale of variation, we aimed at reporting whether some
variation effectively occurred. In some cases, it was possible to
use the results of statistical tests to assess whether a given scent
characteristic significantly varied or not, along with geography
or time. When variation was presented graphically without statistical tests, we based our report mainly on the interpretation
made by the authors. Regarding the variation among individuals within populations, because there is no way to test statistically for such variation, and also because of the large diversity
in the estimates of such variation, we could only report in Table
1 whether any basic data on variation within populations were
available from the study (coefficient of variation, variation in
occurrence, similarity indexes and graphical representations)
and whether this variation was explicitly mentioned and
discussed.
Below, we briefly report and describe the basic data extracted from studies (Table 1). We then review the main processes involved in floral scent variation in these 132 taxa: the
various forms of selection mediated by pollinators, selection
mediated by natural enemies, and non-selective forces. Finally,
we briefly present several methodological and conceptual future directions that should improve our understanding of the
evolutionary ecology of floral scent.
CHARACTERISTICS OF THE STUDIES
INCLUDED IN THE REVIEW
Scales of scent variation

Two main scales of variation have been investigated. Studies
that looked at variation among individuals often investigated
and found geographical variation by comparing two or more
populations at various spatial scales, from nearby populations, a
few kilometres away (e.g. Parachnowitsch et al., 2012), to populations located on different continents (e.g. Dötterl et al.,
2005; Soler et al., 2011). In only a few studies, basic metrics
such as coefficient of variation or graphical representation of
individual blends allow evaluation of how floral scents vary
among plants within populations, although such a scale of variation is clearly not the primary interest of the authors in most
cases.
It is noteworthy that our current knowledge of scent variation
among individuals is thus not only incomplete but also probably
biased in some cases. Indeed, some studies are based on the
sampling of only a small number of individuals per population
and provide a graphical representation of the average bouquet
per population. In cases of large variation within populations,
because of sampling effects, this approach may artificially create a data set with a strong variation among populations, giving
the wrong impression that ‘population’ is the main source of
scent variation. Regarding the temporal scale, changes in floral
scent between day and night were the most investigated and almost always found to be significant. Other types of temporal

variation have been studied, such as variation during a diel period (different time periods across 12 h or 24 h), along with the
flower ontogeny, and variation associated with post-pollination.
Similarly, many of these studies do not discuss and often do not
even present the variance among individuals for a given time
period.

Methods used for scent extraction and analysis

In only a few studies, the method used involved solid phase
micro extraction (SPME; Pott et al., 2002; Raguso et al., 2003,
2006; Dormont et al., 2010; Delle-Vedove et al., 2011; Friberg
et al., 2013) or solvent extracts of flowers (Mant et al., 2005;
Vereecken and Schiestl, 2008, 2009; Sanaa et al., 2012;
Breitkopf et al., 2013). In the majority of cases, dynamic headspace was used to sample floral scents, sometimes combined
with other methods (SPME or solvent extracts) to confirm compound identifications or identify particular sites of scent production. Traps used for headspace sampling are composed of a
blend of different adsorbents, generally Tenax and
Carbogentrap. VOCs are then generally analysed through gas
chromatography and mass spectrometry (GC-MS) using an elution of the glass cartridge in a solvent (hexane, dichloromethane
or pentane) or thermodesorbtion of the trap. According to the
study, scent extraction was performed either in natural populations or in controlled conditions (greenhouse or common garden), or more rarely on flowers harvested for further analyses
in the laboratory (generally with a control of the changes in
scent emissions induced by the damage).

Investigated characteristics of floral scent

Three different characteristics of floral scents are presented
and analysed by various studies. Semi-quantitative (relative
proportions of the different VOCs) and qualitative variation
(identity of the VOCs) are the most commonly investigated
traits. In contrast, although quantification of the emission rate is
made possible by the dynamic headspace through the use of internal standards, the absolute quantitative variation (emission
rate, generally expressed in ng h1) has been investigated less
often. While both semi-quantitative and quantitative variation
were generally analysed with various statistical tools, qualitative variation is presented in tables that in general report the occurrence of VOCs in different blends. The magnitude of such
variation is therefore difficult to rank among studies, as it
ranges from strikingly different chemotypes (e.g. Suinyuy
et al., 2012) through blends that vary only through the occurrence of one or a few minor compounds (e.g. Dormont et al.,
2010) to cases in which all investigated individuals produce exactly the same compounds (e.g. Delle-Vedove et al., 2011). For
this reason, we could not synthesize the information on qualitative variation in Table 1.

Information and data on pollination ecology

For most of the studied species, the authors provided some
information about the pollinators or floral visitors. Although
some studies included data on the identity of insect visitors
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(observations, insect net catches or trapping experiments), the
source of information was not always clear and could be based
on previous reports from the literature or on assumptions made
from the classic idea of ‘pollination syndrome’ (Faegri and Van
Der Pijl, 1979), which may lead to some misinterpretation (see
below). In Table 1, we only report some basic information on
pollination, indicating whether plants are pollinated by one or
very few pollinator species (referred to here as ‘specialized’
pollination) or by several species/groups of insects (‘generalized’ pollination). All available information on insect visitors/
pollinators is provided in Table S1.
Although the effects of floral scents on pollinators (and in return, the effect of natural selection mediated by pollinators on
floral scents) are extensively discussed in most of the studies,
very few attempt to investigate directly the role of floral scents
on pollinator attraction. This can be done through different
approaches, including traps baited with floral compounds or
floral extracts, counts of insect visits on odour-supplemented
plants or behavioural observations in wind-tunnel or Y-tube
tests. The use of electro-antennography (EAG) alone or in combination with gas chromatography (GC-EAD) is a promising
approach, since it allows one to identify, among a blend, the
VOCs detected by the insects. However, the use of such techniques in combination with the study of the intraspecific variation remains scarce (seven studies).
WHY DOES FLORAL SCENT VARY?
The most invoked explanation for variation in floral traits in general, and for floral scents in particular, is pollinator-mediated selection (reviewed in Fenster et al., 2004). Because floral traits
impact both pollinator visitation and pollination efficiency
(Young and Stanton, 1990; Jones and Reithel, 2001; Reynolds
et al., 2009), they directly affect individual reproductive output
and should be under strong selective pressures when the observed
variation has a genetic basis (Gigord et al., 2001; Streisfeld and
Kohn, 2007; Majetic et al., 2009a). In the three following parts,
we review the different scenarios under which pollinatormediated selection can lead to intraspecific variation in floral
traits at geographical and/or temporal scales. First, pollinator
identity can vary across populations or with time, thereby leading
to perhaps divergent selective pressures at these two scales.
Secondly, interactions with pollinators can sometimes generate
balanced selection, particularly in deceit pollination, leading to
some intrapopulation variation in floral scents. Thirdly, in species
in which several sexual morphs exist, selective pressures
mediated by pollinators can differ between morphs, thus leading
to intersexual morph variation (or between male and female flowers/phases in monoecious and hermaphroditic species). Finally,
we review the current knowledge on factors others than
pollinator-mediated selection, which have been less investigated
so far: selection mediated by natural enemies and non-selective
factors.

Does scent variation reflect divergence in pollinator-mediated
selection?

Because pollinators are expected to mediate selective pressures on floral scents, any variation in their occurrence and/or
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their impact on plant reproduction should also influence the
force and the direction of selection. Here, we first investigate
whether differences in floral scents among populations or
groups of populations necessarily reflect differences in pollination biology, as expected under the hypothesis of local adaptation to pollinators. Then, we investigate whether patterns of
temporal variation in floral scents can be explained by some
temporal variation in pollinator occurrence or behaviour that
would lead to shifts in the strength or the direction of selection.
Scent variation among populations. Among studies that investigated geographical variation in floral scents, a sub-sample also
provided some information on pollinator assemblage, making it
possible to investigate whether scent and pollinator variation
show some consistency. This has been done at different taxonomic scales, by comparing several populations within a given
plant species (Dötterl et al., 2005, 2007; Mant et al., 2005;
Svensson et al., 2005; Jhumur et al., 2008; Schlumberger and
Raguso, 2008; Vereecken and Schiestl, 2008, 2009; Ibanez
et al., 2010; Soler et al., 2011; Parachnowitsch et al., 2012;
Suinyuy et al., 2012; Gross et al., 2016), different geographical
ecotypes or subspecies (Chess et al., 2008; Schlumberger and
Raguso, 2008; Suchet et al., 2011; Breitkopf et al., 2013;
Doubleday et al., 2013) or closely related allopatric species
(Svensson et al., 2006). Among the studies included in the present review, we found that variation in floral scents only rarely
matches (only in five studies) with variation in pollinator identities. For example, Ophrys sphegodes exhibited two distinct
scent profiles between ecotypes that were found to attract different pollinators, suggesting adaptation to locally available
pollinators (Breitkopf et al., 2013). Between Linanthus dichotomus ssp. meridianus and L. dichotomus ssp. dichotomus (more
specialized on noctuid pollinators), significant differences were
found, with higher quantities of VOCs attracting noctuid moths
(e.g. lilac aldehydes) emitted by the dichotomus subspecies
(Chess et al., 2008). Results found in Echinopsis ancistrophora
ssp. ancistrophora were less clear: this subspecies contains two
groups of populations differing in their pollinators (bees vs.
moths), which also show some small differences in terms of
scent composition. However, compounds usually associated
with moth pollination were not found in the moth-pollinated
plants and moths were equally attracted by the two groups of
plants (Schlumpberger and Raguso, 2008). Doubleday et al.
(2013) found both quantitative and semi-quantitative variation
between two subspecies of Abronia umbellata that differ in
their mating systems, with smaller quantities of scents detected
in selfing populations compared with outcrossing populations
(probably from relaxed selection). Finally, the most convincing
evidence for pollinator-mediated selection has been provided
by Gross et al. (2016) on Gymnadenia odoratissima, in which
not only the semi-quantitative variation in floral scent between
lowland and mountain populations seems consistent with the
variation in pollinator assemblage, but the measurement of selective gradients directly shows that selection favours different
blends between the two habitats.
However, pollinator-mediated selection does not appear to
be the only explanation for geographical variation in floral
scents. Indeed, three studies showed no significant difference in
floral scents among populations/taxa that were associated with
different pollinators. In Silene latifolia, Dötterl et al. (2005)
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found an extraordinary (and unexplained) variation among populations, but no significant difference between European and
North American populations, despite a difference in pollinator
taxa between the two continents. This study, however, analysed
the full bouquet composition, with VOCs probably not involved
in pollinator attraction. The wide variation in floral scents could
hide a possible difference in the VOCs effectively involved in
the attraction of European vs. North-American pollinators (see
below). In the very specialized Yucca genus, two studies found
very low variation among populations, even when comparing
groups of plants associated with different insect species: between Y. filamentosa and Y. elata (Svensson et al., 2006), and
between two groups of populations of Y. filamentosa (Svensson
et al., 2005). The strong homogeneity within Y. filamentosa is
possibly due either to a recent pollinator shift or to the obligatory nature of this interaction which could constrain the evolution of chemical communication (Svensson et al., 2006).
Finally, in most cases, studies found the opposite pattern,
with some variation in floral scents but no documented variation in pollinators among the sampled populations (Dötterl
et al., 2005; Jhumur et al., 2008; Suchet et al., 2011;
Parachnowitsch et al., 2012; Suinyuy et al., 2012), including
five cases of highly specific pollination systems [Ophrys exaltata/Colletes cunicularius (Mant et al., 2015); O. arachnitiformis/C. cunicularius (Vereecken and Schiestl, 2008, 2009);
Trollius europeaus/Chiastocheta sp. (Ibanez et al., 2010); Ficus
hispida/Ceratosolen solmsi ssp. marchali and F. racemosa/C.
fusciceps (Soler et al., 2011)]. Of course, since only a part of
the VOCs available in a given scent is usually involved in pollinator attraction (e.g. Huber et al., 2005; Salzmann et al., 2007a;
Svensson et al., 2010), a part of the observed variation may be
neutral from the pollinator’s perspective (Raguso et al., 2003;
Huber et al., 2005; Dötterl et al., 2007). In a few cases, additional information about which VOCs in the blend can be actively detected by pollinator(s) was available and provided
contrasting results. In S. latifolia, whose floral scent shows a
spectacular variation among populations in both Europe and
North America (Dötterl et al., 2005), it appears that only lilac
aldehyde is responsible for most of the attraction of the main
pollinator (Hadena moth) in European populations (Dötterl
et al., 2006), in particular the ratio of the various isomers of lilac aldehyde, which is particularly stable in these locations
(Dötterl et al. 2007; but see Schneider et al., 2013). This might
suggest that all other VOCs are more or less neutral for pollinator attraction, and that the spectacular variation did not result
from pollinator-mediated selection but from other processes. In
contrast, in several Ophrys species (Mant et al., 2005) and in
Trollius europaeus (Ibanez et al., 2010), some important variation was found among populations associated with the same
pollinator, even when focusing on active VOCs. Alternative explanations (e.g. genetic drift or hybridization) were sometimes
proposed by the authors and will be discussed below. These different results also suggest that a given interaction can vary in
some important traits from one locality to another. This is consistent with the predictions from the theory of a geographic mosaic of coevolution (Thompson, 1996), which postulates that
one given interaction between two species often exhibits some
differences among populations, in terms of genetics, demography or communities of associated species. Such differences can
lead to some variation in the selective pressures involved in the

coevolutionary processes and generate a geographic mosaic
rather than a homogeneous interaction (Thompson, 1996). For
example, although Ophrys exaltata is pollinated by Colletes
cunicularius in every studied locality, significant inter-region
differences were found in active VOCs (Mant et al., 2005). As
floral scents mimic the pheromone of the pollinator in this system (but see Vereecken and Schiestl, 2008), any geographical
difference in the composition of the pheromone could lead to
some divergence in the floral scents, through adaptation to the
local characteristics of the pollinator species (Mant et al.,
2005).
Temporal scent variation. Because pollinators are not always
needed or not always active, the benefit of attracting them
varies across time, which should lead to a decrease or even an
absence of scent production when energetic costs of scent emission are not counterbalanced by benefits.
At a large temporal scale, one should thus expect differences
between receptive flowers and other phenological stages in the
emission rate of VOCs, in particular those involved in pollinator attraction, leading to quantitative, semi-quantitative and possibly qualitative variation across time. At this scale, temporal
variation in floral scents includes the effect of the stage of the
flower (e.g. floral bud, receptive flowers or pollinated flowers)
or the effect of flower age from anthesis to senescence. In most
documented cases, some scent emission has been detected in
non-receptive phases, but with a significantly lower quantity
compared with the peak associated with anthesis (Dufa et al.,
2004; Dötterl et al., 2005; Theis et al., 2007; Steenhuisen et al.,
2010), including post-pollination changes (Schiestl et al., 1997;
Dötterl et al., 2005; Proffit et al., 2008; Rodriguez-Saona et al.,
2011). A decrease in attractiveness thus seems more often to be
due to a decrease in VOC quantity rather than a shut off.
Moreover, all studies that analysed scent composition across
different floral stages found a significant variation in the proportion of VOCs (Table 1), although stage-specific compounds
(i.e. released only during floral receptivity) have been rarely
documented (found in Ficus racemosa: Borges et al., 2013).
Finally, an increase in the proportion of some compounds after
pollination has been recorded in some cases, and could function
as a repellent (e.g. germacrene A and indole in Ficus hispida;
Proffit et al., 2008) that would either prevent additional pollinator visits or deter enemies (Raguso, 2003), and/or allow pollinators to be guided towards unpollinated flowers (Schiestl and
Ayasse, 2001). It is noteworthy that a decrease in pollinator attraction can also be beneficial if pollinators ensure a high cost,
such as in nursery pollination systems (Dötterl et al., 2005).
The impact of the cost induced by natural enemies, and sometimes by pollinators, will be discussed in a later section.
At a more detailed temporal scale, studies often compare
scent emission between day and night and sometimes between
different time periods across 12 h or 24 h (diel period). When
pollination is temporally specialized (diurnal or nocturnal pollination), both (semi-)quantitative and qualitative variation between day and night are expected. For species with a mixed
pollination system (pollinated by both diurnal and nocturnal insects), qualitative differences between day and night should occur, reflecting ‘temporally local’ adaptation to different
pollinator species if they present different olfactory preference.
In terms of scent quantity, one may expect higher amounts at
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night, as visual cues are sometimes less efficient. Finally, regarding variation along a diel period, one expects scent quantity
(in particular active VOCs) to correlate with pollinator activity.
In addition to pollinator-mediated selection, environmental constraints such as temperature can impact temporal variation in
floral scents and will be discussed in a later section.
Only some of the species with temporally specialized pollination systems show patterns that match these expectations. In
Penstemon digitalis, Linanthus dichotomus subsp. meridianus,
Silene latifolia, S. stellata, Parkia biglobosa, Vaccinium corrymbosum, Gymnocalycium andreae, Cirsium repandum and C.
arvense, the maximal production of odour was observed during
the period of pollinator activity (day or night), with almost no
or very few emissions outside of this phase (Petterson and
Knudsen, 2001; Schlumpberger et al., 2004; Dötterl et al.,
2005; Theis et al., 2007; Chess et al., 2008; Rodriguez-Saona
et al., 2011; Castillo et al., 2014; Burdon et al., 2015). The
same pattern has been found at finer temporal scales in Cirsium
arvense that shows a peak of scent emission when pollinators
are most active (Theis et al., 2007).
In other species, the patterns of variation do not match with
temporal variation in pollinator activity. A first type of incongruence concerns species [Cirsium repandum (Theis et al.,
2007) and Phlox divaricata (Majetic et al., 2015)] that show a
decrease in scent emission at a phase when (some) pollinators
are active, which could be due to a low sensitivity of these pollinators to floral scents. The reverse pattern has also been
found, as in four (nocturnal) hawkmoth-pollinated Nicotiana
species, which release the maximal quantity of scent at night
but also substantial VOC emission during the day (Raguso
et al., 2003). Similarly, in Ficus racemosa strictly pollinated by
a diurnal wasp, almost no quantitative variation of scent emission was observed between day and night (although there was a
reduction in the number of emitted VOCs in the night volatile
bouquet) (Borges et al., 2013). Finally, striking incongruences
have been found in a few other species: in the two hummingbird- (diurnal) pollinated Nicotiana species (N. langsdorffi and
N. forgetiana), the total scent emission reaches its maximal intensity at night (Raguso et al., 2003, 2006). In the primarily
day-pollinated Silene dioica, the flowers emit not only similar
quantities of scent during night and day, but also a higher relative amount of moth attractants at night (Waelti et al., 2008). In
such cases, the question of the factors that maintain floral scent
production at times other than the pollinator activity period remains open. It may be related to either phylogenetic constraints,
biochemical constraints and/or adaptation to other interacting
species [either herbivores or pathogens active outside of the
phase of pollinator activity (Raguso et al., 2003, 2006) or nocturnal pollinators that have not been described so far (Waelti
et al., 2008)]. Moreover, measurement of costs linked to the
scent emission remain technically difficult, reducing our understanding of this process.
The second group comprises species with a mixed pollination
system. Each time this was investigated, a quantitative difference between day and night scents was found, with a higher
quantity in the evening or night in Hesperis matronalis, Silene
otites and S. ciliata (Majetic et al., 2007; Gimenez-Benavides
et al., 2007; Dötterl et al., 2012), and a higher quantity during
the day in Gymnadenia odoratissima and G. conopsea (Huber
et al., 2005). Semi-quantitative differences were found in all
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studied species, and were often consistent with pollination biology. For instance, Echinopis chiloensis ssp. chiloensis, pollinated by nocturnal hawkmoths and various diurnal bees,
releases nocturnal scents dominated by terpenes (usual attractants of hawkmoths) and diurnal scents composed of a larger
number of compounds as expected in flowers with different
pollinators (Lemaitre et al., 2014). Moreover, in both S. otites
and Gymnadenia species, temporal variation was particularly
marked for compounds known or suspected to be involved in
the attraction of some of the pollinators (Huber et al., 2005;
Dötterl et al., 2012). Interestingly, several species with mixed
pollination systems (such as as notably many Sileneae species)
were at first considered with a nocturnal (or diurnal) pollination
syndrome but were found to release high quantities of floral
scents and receive efficient insect visits during the day (or
night) (Gimenez-Benavides et al., 2007; Lemaitre et al., 2014;
Prieto-Benitez et al., 2015). This could reflect past ecological
context, ongoing transition in pollination biology or some bethedging strategy (that would allow plants to be pollinated even
when the preferred pollinator is absent) and clearly highlights
the potential bias of studies that consider a priori pollination
syndrome.
Determining the role of pollinator-mediated selection on day
vs. night variation in floral scent is often precluded by the lack
of direct experimental tests. To date, only the study of Majetic
et al. (2009a), on mixed-pollinated Hesperis matronalis, has experimentally addressed the adaptive value of temporal variation
in floral scents and shown a positive correlation of both emission
rates and scent composition (notably for terpenoids) with plant
fitness. Nevertheless, the effect of night vs. day scent was found
to depend on the context (experimental array vs. wild population), suggesting that the adaptive value of odour variation is
probably more complex than usually hypothesized. Correlative
studies of scent characteristics and plant fitness are thus needed
to understand how selection impacts scent variation.

Within population variation in floral scents: the impact of deceit
pollination

Earlier we discussed how directional selection in space or
time can promote scent variation. Other forms of selection can
generate diversification: pollinator-mediated selection can also
promote scent polymorphism within populations by providing a
selective advantage to rare floral scents, which is expected
when flowers are deceptive (Smithson and McNair, 1997;
Gigord et al., 2001). Because pollinators can learn to associate
a given signal with the absence of reward, and then subsequently avoid this signal, plants that emit rare signals should be
more often visited and thus benefit through higher reproductive
success. Pollination by deceit is thus a common explanation
when some variation is known within natural populations (e.g.
Moya and Ackerman, 1993; Azuma et al., 2001) and many of
the studies that investigated variation at this geographical scale
are focused on deceptive plants (see Table 1).
A few studies have measured and compared variation in floral scents among orchid species in order to test whether deceptive species exhibit more variation than non-deceptive species.
By comparing one rewarding and one deceptive species from
the same genus, Salzmann et al. (2007a) found a significantly
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lower variation in the rewarding species, particularly among biologically active compounds. Similarly, Dormont et al. (2014)
found that their two deceptive orchid species emitted a more
variable blend than a third, co-flowering and rewarding species.
In their large study focusing on 20 deceptive and 41 rewarding
orchid species, Ackerman et al. (2011) found the same tendency, but it was not significant. Unfortunately, available data
from the studies included in the current review did not allow us
to rank species according to their level of scent variation.
Indeed, there is a wide variety of ways for describing such variation, including ranges of VOC proportions in the floral bouquet, coefficients of variation for VOC proportions, similarity
indexes and graphical representations of individual scents, not
to mention a large variation in the sampling size, which impacts
the estimates of variation.
We found, however, that the level of variation in scent profiles within populations seems to vary a lot among species but
with no obvious trend in regard to deceit pollination. Whereas
some rewarding species show remarkable stability in blend
composition [e.g. very stable proportions of the main compounds in Gymnocalcium andreae (Schlumpberger et al., 2004)
and within-population similarity indexes of around 70 % in
four Lithophragma species (Friberg et al., 2013)], dramatic variation was found in both deceptive and rewarding species. In
food-deceptive species, such as Epidendrum ciliare or Orchis
mascula, some VOCs emitted in high proportion in some individuals were absent from others (Moya and Ackerman, 1993;
Dormont et al., 2010), and in food-deceptive Tolumnia variegata, both fragrant and non-fragrant individuals co-occur within
populations (Ackerman et al., 1997). Similar variations in scent
profiles were found in some rewarding species. The total quantity of scents emitted by flower or inflorescence varied by a factor of 10 in Parkia biglobosa (Petterson and Knudsen, 2001)
and 100 in Trollius europeaus (Ibanez et al., 2010). In T.
europeaus and Platanthera chlorantha, the proportion of some
VOCs varied from 0 to 80 % (Tollsten and Bergström, 1993;
Ibanez et al., 2010), while it varied up to two orders of magnitude among individuals of Corydalis cava (Olesen and
Knudsen, 1994), Polemonium viscosum (Galen et al., 2011) and
Parkia biglobosa (Petterson and Knudsen, 2001).
Although potentially important, negative frequencydependent selection is thus unlikely to be the only factor involved in floral scent polymorphism within populations.
Several studies have investigated this question in deceptive species, either by manipulating local variation of floral scent phenotypes (Ackerman et al., 1997; Salzmann et al., 2007a) or by
measuring plant reproductive success as a function of the ratio
of floral phenotypes (Pellegrino et al., 2005; Jersakova et al.,
2006), but none of them found results consistent with expectations under frequency-dependent selection. Both these studies
and the fact that some rewarding species exhibit spectacular
levels of variation within population suggest that other factors
play a role in promoting variation in floral scent. Finally, it is
noteworthy that in some species, the level of variation differs
strikingly from one population to another [e.g. Platanthera bifolia (Tollsten and Bergström, 1993) and Echinopsis ancistrophora ssp. ancistrophora (Schlumpberger and Raguso, 2008)].
The comparison of variable vs. non-variable populations constitutes an interesting perspective to better understand the factors
involved in floral scent variation.

The role of sex-specific selection mediated by pollinators

The last scenario under which pollinator-mediated selection
is expected to generate scent variation is when male and female
plants (dioecy) or flowers within plants (monoecy) co-occur, or
also in the case of functional shifts in hermaphroditic flowers.
On one hand, because the relationship between pollinator attraction and reproductive success can differ between males and
females (sexual selection), males should be under stronger selection to attract pollinators, compared with females (Bateman,
1948). Thus, males should produce higher amounts of floral
scents. On the other hand, pollinator-mediated selection may
also maintain odour similarity between males and females as it
ensures pollinator constancy and movements between conspecifics (Ashman, 2009). In a review of 33 dioecious and gynodioecious species, Ashman (2009) found that males (or
hermaphrodites) often produced higher amounts of volatiles
than females, as expected under sexual selection. Moreover,
males and females seem to exhibit similar scent composition
more often when females are pollinated by deceit (as expected
if the rewardless sex is particularly selected to resemble the rewarding sex).
The few studies included in the current work that were published after Ashman’s review (2009) bring new interesting elements to these conclusions. First, the hypothesis of intersexual
mimicry has been reinforced by several studies conducted on
dioecious Ficus species, in which males produce rewarding figs
while females are pollinated by deceit. Proffit et al. (2008)
showed that male and female figs of F. hispida produced distinct floral bouquets except during the phase of receptivity.
Hossaert-McKey et al. (2016) showed that in fig species in
which males and females flower synchronously, i.e. in systems
in which dissimilarity should be counter-selected through pollinator choice, male and female scents are similar, while they differ in species with asynchronous flowering of male and female
plants. Finally, Soler et al. (2012) found in F. carica that intersex similarity was higher between female and male figs that are
produced synchronously during summer than between female
figs (produced during summer) and male figs produced during
spring. These different results highlight that when no selective
pressures for mimicry occurs, genders tend to produce different
scents. Moreover, selection for intersex mimicry seems to occur
in both male and female plants.
Reproductive systems other than dioecy can also inform us
about sex-specific selection. In monoecious species, the evolutionary processes leading to scent differences between male
and female flowers within the same plant may be quite similar
to the mechanisms occurring in dioecious species. In Breynia
vitis-idaea, male flowers produce a quantity of scent (total bouquet or active compounds only) that is ten times higher than
produced by female flowers, illustrating a possible effect of
sexual selection at the flower level (Svensson et al., 2010).
Moreover, the composition of scent significantly differs between male and female flowers in several species of this genus,
in which specialized pollinators seek different rewards in male
and female flowers (Svensson et al., 2010; Okamoto et al.,
2013; Huang et al., 2015).
Reproductive systems with unisexual flowers or individuals
are valuable models for the study of chemical mediation and the
role of pollinator-mediated selection through male and female
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fitness. Thus, the comparison of scents between male and female flowers/plants should be systematically integrated in studies on dioecious or monoecious species. We also suggest that
the study of sex-specific selection should be simultaneously examined with temporal variation of floral scent. For example, the
comparison of floral scents emitted by hermaphroditic plants
during their distinct male vs. female phases should allow one to
investigate patterns linked with sexual selection and intersexual
mimicry. In Magnolia sprengeri, flowers are deceptive during
their female phase, but scent profiles are similar in these two
phases (Wang et al., 2014). On the other hand, Gottsberger
et al. (2013) found semi-quantitative variation between male
and female phases in Philodendron form selloum but not in P.
bipinnatifidum, and higher scent quantity during the female
phase in both species. It is noteworthy that in most
Philodendron species, specialized pollinators are attracted during the female phase, trapped within inflorescences and released
after the staminate phase. Thus, the benefits of pollinator attraction appear variable during female and male phases, which leads
to very different patterns in terms of sex-specific selection.

The underestimated role of natural enemies as selective agents

When floral scents are also used by natural enemies (e.g. florivores, larcenists or herbivores) to locate food or egg-laying
sites, they can be associated with a fitness cost. However, the
way in which interactions with enemies can shape emission and
characteristics of floral scents has to date been poorly documented (but see Baldwin et al. 1997; Kessler et al., 2013).
Several hypotheses can nevertheless be formulated and are supported by some studies. One expects a decrease in total emission rates when the cost of damage is high (e.g. in populations
associated with a high prevalence of natural enemies) and/or
when the cost is not counter-balanced by the benefit of attracting pollinators (e.g. outside phases of pollinator activity or
flower receptivity). In the same way, both the decrease of
antagonist-attracting VOCs and the increase of repellent compounds can drive some (semi-) quantitative variation.
Several studies, mentioned earlier, report some temporal variation that could also be linked to the repellent function of some
compounds: increases in the proportion of germacrene A and
indole after pollination in Ficus hispida (Proffit et al., 2008)
and of methyl salicylate at night in day-pollinated Penstemon
digitalis (Burdon et al., 2015). Methyl salicylate was also found
in F. racemosa, but specifically in scents of non-receptive figs,
and could repel parasites of pollinator larvae (Borges et al.,
2013). These interpretations were based on the known potential
repellent function of some VOCs that increase during phases at
which pollinator attraction is not beneficial, but with no direct
link between scent variation and prevalence of natural enemies.
Only one study, in Cirsium arvense, specifically correlated variation in floral scents with activity of both pollinators and florivores, and strongly suggested that temporal variation in both
scent quantity and composition has been selected to increase
pollinator attraction during their maximal activity (mid-day)
and decrease florivore attraction during early morning and late
afternoon (Theis et al., 2007).
For studies that reported scent variation among populations,
a possible selective role for herbivory in addition to pollinators
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may help explain observed scent variation. For instance, the
fact that two subspecies of Antirrhinum majus differ in floral
scent (notably with high quantity vs. absence of acetophenone)
while sharing the same pollinator may be linked with the role
of acetophenone in deterring herbivores (Suchet et al., 2011).
Herbivore-mediated selection may also explain some variation
within population. In Polemonium viscosum, the major VOC,
2-phenylethanol (2PE), reduces the cost of herbivory but also
deters pollinators when emitted in high quantity (Galen et al.,
2011). The strong within-population variation in the relative
amount of 2PE in floral scents could be explained by the possible promotion of several strategies (highly attractive vs. poorly
attractive for both pollinators and herbivores) with equivalent
reproductive success. Moreover, any annual variation in the
abundance of pollinators vs. herbivores within the same population (Galen et al., 2011) may also partially maintain different
floral scents through balancing selection. However, the impact
of such herbivore-mediated selection on the variation in floral
scents remains speculative and constitutes an exciting
perspective.
Interestingly, such contrasting selective pressures may also
occur within plant–pollinator interactions. Pollination possibly
involves a fitness cost, with insects consuming nectar and pollen, damaging the flowers or laying eggs within inflorescences
in the case of nursery pollination systems (Pyke, 1991;
Castellanos et al., 2002; Dufay and Anstett, 2003; Kephart
et al., 2006) and plants may be under selection to reduce the
‘antagonistic side’ of their interaction with pollinators. For example, the strong cost in nursery pollination of some Silene species with nocturnal Hadena moths is likely to favour
pollination by diurnal insects and lead selection to promote
scent emission during the day (Prieto-Benitez et al., 2015) (although this does not seem to occur in all Silene species, e.g.
Castillo et al., 2014).
Finally, in some instances, selection seems to have favoured
strategies that attract pollinators and repel them afterwards. In
the above-mentioned P. viscosum, the major VOC (2PE) is also
contained in nectar and may play a role in decreasing nectar
consumption and even increasing pollen transfer by reducing
the time spent by pollinators on the flower (Galen et al., 2011).
In cycad Macrozamia lucida, the increase in quantity of b-myrcene between morning and mid-day seems to explain why specialized pollinators leave male cones in large numbers, while
the decrease of this compounds later in the day should reincrease attractiveness to pollinators (Terry et al., 2007). This
fascinating push–pull strategy illustrates the contradictory selective pressures that occur on floral traits that must not attract
enemies but must attract attract pollinators, but not for too long.

How do non-selective factors affect scent variation?

Variation in floral scents is not always explained by natural
selection alone, and many authors have pointed out the potential effect of other evolutionary forces (genetic drift and gene
migration, e.g. Mant et al., 2005; Suinyuy et al., 2012), environmental (abiotic) factors (Knudsen, 1994; Dötterl et al.,
2005; Majetic et al., 2009b), biochemical (Raguso et al., 2003;
Dötterl et al., 2007; Delle-Vedove et al., 2011; Suchet et al.
2011) or phylogenetic constraints (Raguso et al., 2006; Waelti
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et al., 2008; Delle-Vedove et al., 2011), although only a few
studies have specifically tried to examine these other forces.
The role of genetic drift and gene migration on geographical
variation. Studies that report unexplained variation in floral

scents (e.g. strong variation within populations in nondeceptive species or divergence among populations with the
same pollinators) sometimes invoke genetic drift. For instance,
to explain the high diversity in floral scents found among individuals in Magnolia kobus, Azuma et al. (2001) discuss the
possible minor role of volatile signals compared with visual
cues, which should lower the force of selection on odour relative to genetic drift. The strong variation in scents observed in
North American populations of Silene latifolia can be explained
by the recent introduction of several small, isolated populations
(Dötterl et al., 2005). In contrast, studies that report no difference in floral odours among populations or taxa when some
level of variation was expected (e.g. differences in the identity
of the main pollinator) sometimes propose that gene flow may
hamper chemical differentiation (e.g. Svensson et al., 2005). As
expected for any genetically determined trait, the relative
weight of genetic drift and gene flow should impact scent differentiation among populations. However, very few studies
have attempted to quantify the relative magnitude of these two
evolutionary forces on floral scent variation, as compared with
pollinator-mediated selection.
In their synthesis paper, Whitehead and Peakall (2009) advocate that the study of floral scent variation should integrate population genetics, since the pollinators attracted by floral scents
impact pollen flow between plants and populations and, thus,
patterns of population genetic structure. In return, we suggest
that population genetics studies can help in understanding some
patterns of floral scent variation. One promising approach is the
comparison of the spatial patterns of variation for active compounds, non-active compounds and neutral genetic markers, because they are differently impacted by genetic drift, gene flow
and selection. For example, in Ophrys exaltata, active compounds show globally lower variation than non-active compounds; this illustrates the role of genetic drift in the variation
of one part of the chemical blend, with only the active VOCs
being under stabilizing selection mediated by the specific pollinator (Mant et al., 2005). However, in the same species at a different scale, active compounds show stronger differentiation
among two regions than non-active compounds. This result,
and the fact that both types of VOC show a stronger differentiation than neutral genetic markers, suggest (1) a globally weak
role for genetic drift in the geographical variation of floral
VOCs and (2) some divergent pollinator-mediated selection between regions possibly driven by a divergence in pollinator behaviour (Mant et al., 2005).
When genetic data and knowledge on the active/inactive role
of the different VOCs are not available, other indirect
approaches are possible, such as a characterization of the covariance between odour variation and geographical distance.
For example, no correlation was found between Euclidian distances calculated on floral scents and geographical distance between populations either in Yucca filamentosa or in Silene
otites, indicating no isolation by distance and suggesting a low
impact of genetic drift (Svensson et al., 2005; Jhumur et al.,
2008). In contrast, Suinyuy et al. (2012) found some isolation

by distance in volatiles emitted by cones of the cycad
Encephalartos villosus, and concluded that restricted gene flow
among populations could explain the spatial patterns of variation in floral scent. It is difficult, however, to interpret such a
correlative approach, because isolation by distance in floral
scents is not necessarily an indicator of drift and could also reflect the impact of factors that follow a geographical gradient.
As highlighted by Whitehead and Peakall (2009), the joint use
of population genetics and chemical ecology constitutes an interesting and necessary perspective, and we trust that many future studies will integrate these two methodological
approaches. However, some formalization of how the effects of
selection, drift, and gene flow should translate into patterns of
active and non-active VOCs in the blends, and how to interpret
the results of such multidisciplinary studies is clearly needed.
At another taxonomic level, hybridization between species
might be detected through blended scent profiles indicative of
gene flow (Raguso, 2008b). For example, in Encephalartos villosus, cone volatiles across their range show a marked discontinuity that could be explained by some hybridization (Suinyuy
et al., 2012). Similarly, the emission of intermediate scents in
hybrid individuals between several Orchis species could account for the high variability observed within species (Nilsson,
1983; Salzmann et al., 2007b; Stökl et al., 2008, 2009; Schatz
et al., 2010). The impact of hybridization on patterns of floral
scents also suggests that data in chemical ecology can be valuable when examining taxonomic issues, as in the subgenus
Hieracium (Feulner et al., 2011). Similarly, the screening of
several chemotypes may help in detecting cryptic species (e.g.
Hetherington and Ramirez, 2016).
The effect of environmental factors. The variation observed for
in situ extracted floral scents among populations can also be explained by phenotypic plasticity related to variation in edaphic
conditions, light, temperature or any environmental factor that
varies among study sites. Similarly, temporal variation can be
at least partly attributed to the same factors varying between
the investigated time phases. A small number of studies (not
listed in Table 1) have investigated changes in scent phenotypes
due to various abiotic factors (moisture, temperature and irradiance; reviewed by Majetic et al., 2009b; see also Falara et al.,
2013; Farre-Armengol et al., 2014). The studies included in the
current review have little complementary information on the
topic. Some suggest a potential correlation between environment and scent emission, generally not supported by any statistical analysis, and the direction can vary among species. For
example, in Silene latifolia, seasonal changes in the total scent
emission were found to be potentially attributable to weather
conditions, with lower quantities emitted during hot and dry
summer months (Dötterl et al., 2005), while in Pyrola grandiflora, scent emissions were lower in a population when temperatures were also low (Knudsen, 1994).
Importantly, the fact that a part of the variation in scent emission is due to some variation in environmental factors does not
mean that such variation is not adaptive. Farre-Armengol et al.
(2015) showed that although temperature impacted terpene
emission in six Mediterranean species, the temperature that optimizes terpene emission differs among them and globally
matches with temperature during their flowering season. This
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suggests that plasticity of scent emission to the environment
can evolve and be optimized by natural selection.
One useful and common experimental approach is to control
for the environment when comparing scent over time, floral
phases or populations. For instance, by surveying plant individuals within a growth chamber, Majetic et al. (2015) was able to
dismiss the possibility that diel variation of scent in Phlox
divaricata (with peaks of scent emission that globally correspond to pollinator activity) was explained by variation in temperature during the day. Studies controlling for environmental
constraints by measuring scent emission on individuals from
different origins in a common garden experiment (e.g. Dötterl
et al. 2005, 2012; Waelti et al., 2008; Majetic et al., 2009b;
Parachnowitsch et al., 2012) provide a better snapshot of the
genetic basis of floral scent variation but are instead not fully
representative of ecological situations. Surprisingly, this aspect
is generally not discussed by the studies. Depending on the
question, the two approaches (natural population vs. controlled
conditions) provide different information, but only the comparison of floral scent between these two conditions would allow
understanding of the plastic vs. genetic component of floral
scent variation.
To our knowledge, only the study of Majetic et al. (2009b)
has addressed the question of phenotypic plasticity as a function
of all potential environmental factors in Hesperis matronalis,
by comparing scent composition of potted plants originating
from different populations but reared in a common garden with
those of the same population grown in their natural habitat.
Their results clearly showed environmentally induced variation
of both qualitative and quantitative components of floral scents.
Differences in floral scent composition (aromatic vs. terpenoid
compounds) in individuals from different natural populations
were not conserved in plants grown in a common garden, but
the changes were mostly attributable to one population, indicating that the plastic response may be population (or genotype)
specific. Although this study did not investigate environmental
parameters linked to scent variation, nor control for genetic differentiation among individuals of both populations, it nevertheless demonstrates the potential role of phenotypic plasticity in
interpopulation floral scent variation.
Biochemical and phylogenetic constraints. Biochemical processes have been also suggested partly to explain floral scent
variation in some species. For example, in Silene otites, the
general increased production of lilac aldehyde at night is synchronized with a decrease in the emission of its precursor, linalool, leading to variation in the relative proportion of each VOC
in the floral blend (Dötterl et al., 2012). Another example is
where substrate competition between different branches of a
biosynthetic pathway may lead to variation in scent among individuals of a species. This has been shown in Phlox subulata
where different cultivars have been found to vary in the quantity of some benzenoid and phenylpropanoid emissions produced by the same pathway (Majetic and Sinka, 2013).
The question of biochemical constraints has been particularly
explored in the case of specific colour–scent associations.
Pigments and VOC production often share biochemical pathways, potentially leading to specific combination of both traits.
Two main biosynthetic connections are known (1) the shikimate
pathway, which links the synthesis of anthocyanin pigments and

15

benzenoid/phenylpropanoid VOCs, and (2) the MEP (methyl
D-erythritol 4-phosphate) biosynthetic pathway, leading to the
production of carotenoid pigments and some terpenoid compounds. The impact of the pigment/scent relationship on variation in floral scent is linked not only to the constraints imposed
by enzymatic machinery, but also to the selective pressures acting on flower colour that may generate a pleiotropic impact on
floral scents. For example, anthocyanins are known to play a
role in heat or UV plant protection. The anthocyanin/benzenoid
link has been a particular focus, especially since the work of
Zuker et al. (2002) showed that laboratory-manipulated white
null-mutants of Dianthus caryophyllus emitted more methyl
benzoate than anthocyanin-pigmented individuals. Nevertheless,
studies performed in natural populations of other species presenting white vs. purple variants (Olesen and Knudsen, 1994;
Majetic et al., 2007, 2008; Dormont et al., 2010, 2014; DelleVedove et al. 2011) or other types of colour variation (e.g.
Hetherington-Rauth and Ramirez, 2016) found no such generalizable pattern of floral scent variation. As pointed out by
Majetic et al. (2008), white-flowered phenotypes can possibly
be produced by several independent mutations, acting at different steps of the biosynthetic pathway. Consequently, several
chemotypes (including individuals that produce no odour at all)
may be associated with the same colour phenotype.
Although phylogenetic constraints are unlikely to explain intraspecific variation in floral scents directly, we briefly discuss
this factor because it may help explain some patterns of floral
scents emissions. For example, in Silene dioica (and possibly in
other Sileneae species; see Prieto-Benitez et al., 2015), the production of lilac aldehyde on a nocturnal rhythm while the main
pollinators are thought to be diurnal may be explained by the
fact that the ancestor species was moth pollinated (Waelti et al.,
2008). Understanding which characteristics of floral scents are
constrained by phylogeny requires studies at the interspecific
level, and has been tested in a few taxa. For instance, Steiner
et al. (2011) showed a stronger influence of historical constraints compared with pollinator-mediated selection to explain
scent composition in oil-secreting orchids. Similar results were
obtained by the studies of lineages of the tobacco genus
(Nicotiana), including both hummingbird- and hawkmothpollinated species (Raguso et al., 2003, 2006). In the section
Alatae, all species were found to emit the so-called ‘cineole
cassette’ during the night, which consisted of the joint emission
of 1,8-cineole with small amounts of related monoterpenes
(a-pinene, b-pinene, sabinene, b-myrcene, limonene and a-terpineol). The relatively well conserved ratios of these compounds are similar to those produced by 1–8 cineole synthase
activity which may reveal the biosynthetic origin of this blend
rather than any ecological constraint (Raguso et al., 2003). This
implies that lineage history can explain some patterns of scent
composition, and in this case it may also explain observed temporal variation in Nicotiana species that are putatively hummingbird pollinated and for which nocturnal emission of scent
does not result from current pollinator-mediated selection.
PROSPECTS
To date, several exciting and challenging issues have already
been highlighted to integrate chemical ecology in the fields of
community ecology (Dicke, 2006; see also Larue et al., 2016;
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Junker, 2016; Kuppler et al., 2016 for recent investigations of
the role of floral scent on the plant-insect community), pollination ecology (Raguso, 2008a, b), and population genetics
(Whitehead and Peakall, 2009). They have underlined the necessity for better knowledge of floral scent variation, especially
in terms of their role on pollinator behaviour. This review identifies some additional gaps in current knowledge on the role of
floral scent variation in plant–pollinator interaction, as well as
in methods of data analyses that may be easily addressed.
Hereafter, we detail several major future issues that should allow for a better understanding of the factors leading to this variation and facilitate future comparative analyses.

Disentangling the role of non-pollinators species

Non-pollinator agents such as herbivores, florivores or larcenists may influence plant scent variation in two different ways:
(1) by being selective agents acting directly on plant fitness as
discussed earlier and (ii) by directly inducing changes in floral
scent emissions (Kessler and Baldwin, 2001). While the role of
plant chemicals in the mediation of plant–herbivore interaction
has been extensively studied, relatively few studies have investigated their role in floral scent variation. Further studies should
link non-pollinator floral visitors with floral scent variation and
estimate their impact on plant fitness in natural populations.
Establish the link between odour variation and fitness

Standardization of the variation metrics

We found that many studies do not present data on variation
among individuals and sometimes not even among populations.
Moreover, the high heterogeneity of metrics and graphic representation makes any further quantitative meta-analysis very difficult. Some classical metrics should be provided systematically
for each identified VOC: the mean and range (or s.d.) of proportion and/or quantities, the coefficient of variation (or of similarity) and the occurrence of each identified VOC among
individuals of a given population. We also argue that future
studies should (1) sample a reasonable number of individuals
per population (minimum of ten individuals) and (2) analyse
variance in the floral bouquet within vs. between populations
(e.g. Mant et al., 2005).

Identify the signal and its behavioural implication in complex
floral blends

Thanks to electrophysiological technics (EAG/GC-EAD), it
is now possible to identify active compounds in complex floral
blends. This is a first step to understanding which part of a scent
variation is likely to be under pollinator-mediated selection vs.
neutral evolution (e.g. Huber et al., 2005; Dötterl et al., 2007).
Secondly, behavioural tests are the sole way to provide information both on the behavioural function (repellent, neutral or
attractive) of each VOC for the insect and on the potential synergies/inhibitions among VOCs of the same blend, which
largely influence the level of floral visitation and plant fitness
(Kessler and Halitschke, 2009; Junker et al., 2010). Both techniques are complementary in investigating the role of specific
compounds and must be considered in combination to understand the signals involved in plant–pollinator interactions.

Disentangling the role of environmental factors in observed
floral scent variation

Phenotypic plasticity due to abiotic factors may potentially
explain floral scent variation at both spatial and temporal scales
(Majetic et al., 2009b), and several studies have shown the role
of environmental factors on floral scent variation (Hansted
et al., 1994; Jakobsen et al., 1994; Nielsen et al., 1995). In this
regard, both transplantation experiments and surveys of scent
variation in common gardens are useful approaches and should
be more often used.

Very few studies have directly investigated the impact of floral scents on pollinator visitation, and this often precludes discussing the consequences of floral scent variation on plant
fitness. Moreover, one should keep in mind that pollination visitation is not always a good a proxy of plant fitness (see Reynolds
and Fenster, 2008, for a standardized approach to estimate pollinator importance and to place error bars when comparing potential pollinators). Because pollinator visitation sometimes incurs
some cost to the plant, and because female and male fitness are
expected to respond differently to pollinator visitation, there is a
need for studies linking more directly realized plant fitness
(through fruit set, seed set and/or pollen removal or deposition)
and the major characteristics that vary in floral scents. A first
step should be to collect such components of plant fitness while
extracting floral scents in a natural population, as in Majetic
et al. (2009a) and Parachnowitsch et al. (2012). Ultimately, measurements of selection gradients, as done by Gross et al. (2016),
are probably the best approaches for understanding the evolutionary ecology of floral scent. Finally, understanding how
pollinator-mediated selection should impact floral scent characteristics obviously requires the study of heritability of such traits.
To this end, marker-based approaches already prove to be fruitful
to assess heritability of plant traits and should be developed in
further studies (Bessega et al., 2009; Castellanos et al., 2011).
Selection experiments such as that of Zu et al. (2015) on
Brassica rapa and that of Byers et al. (2014) on genetic mapping/transgenic manipulation on Mimulus will allow one to consider pleiotropic effects between different VOCs or between
VOCs and other plant traits, and more realistically understand
how they can respond to selection.
Some recent studies included in this review have employed
approaches of evolutionary biology (selection gradients, simultaneous study of trait variation and population genetics, selection experiments, genetic manipulation, phylogenetics studies),
allowing one to study the effects of selection, gene flow, stochasticity and historical/genetic constraints on the evolution of
floral scents. Hopefully, these interdisciplinary approaches will
continue in the future, allowing us to better understand evolution of floral scents, and to predict their potential ecological impact on ecosystem functioning in our fast-changing world.
SUPPLEMENTARY INFORMATION
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recapitulative table of the knowledge on the pollination system
for all plant species listed in Table 1. Glossary.
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