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Bee, hummingbird, or mixed-pollinated Salvia species
mirror pathways to pollination optimization: a
morphometric analysis based on the Pareto front concept
Marina M. Strelin, Federico Sazatornil, Santiago Benitez-Vieyra, and Mariano Ordano

Abstract: Optimization of flower phenotypes to ensure pollination by agents differing in their match with fertile
flower structures can involve fitness trade-offs if the aspects of the phenotype that enhance the fitness contribu-
tion of one pollinator are detrimental for pollination by the other agents. If these trade-offs are substantial, flower
optimization for specialized pollination is expected. However, optimization for generalized pollination may also
take place in trade-off scenarios, as long as the joint contribution of two or more types of pollinators to global
pollination fitness is greater than each individual contribution. We used an observational approach to evaluate
the role of pollination fitness trade-offs in flower trait optimization, a matter seldom addressed because of the
difficulties in conducting experiments. A pattern-searching tool based on the Pareto front concept, borrowed from
the fields of economics and engineering, was used to test for fitness trade-off patterns in the flower shape of four
Salvia (Lamiaceae) species. Two are pollinated exclusively either by bees or by hummingbirds; the remaining
species have mixed-pollination systems, with varying contributions of bee and hummingbird pollination. The
patterning of flower shape in this study suggests a bee–hummingbird pollination trade-off in Salvia, and the
optimization of generalized flower shapes.

Key words: fitness trade-off, pollination syndrome, flower shape, Pareto front, geometric morphometrics.

Résumé : L’optimisation des phénotypes floraux pour assurer la pollinisation par des agents qui diffèrent dans
leur appariement aux structures fertiles de la fleur peut impliquer des compromis de la valeur d’adaptation
(fitness) si les aspects du phénotype qui accroissent la contribution de la valeur d’adaptation d’un pollinisateur
sont néfastes à la pollinisation par d’autres agents. Si ces compromis sont substantiels, l’optimisation de la fleur
pour une pollinisation spécialisée est attendue. Cependant, l’optimisation pour une pollinisation généralisée peut
aussi prendre place dans des scénarios de compromis, tant que la contribution conjointe de deux types de
pollinisateurs ou plus à la valeur d’adaptation globale de la pollinisation est plus grande que chaque contribution
individuelle. Les auteurs ont utilisé une approche observationnelle pour évaluer le rôle des compromis de la valeur
d’adaptation de la pollinisation dans l’optimisation des traits floraux, un sujet rarement traité à cause des
difficultés à réaliser les expériences. Un outil de recherche de patrons basé sur le concept du front de Pareto,
emprunté aux domaines de l’économie et du génie, a été utilisé pour tester les patrons de compromis de la valeur
d’adaptation dans la forme de la fleur de quatre espèces de Salvia (Lamiaceae). Deux sont pollinisées exclusivement
par les abeilles ou par les colibris, les autres présentent des systèmes de pollinisation mixtes, avec des contribu-
tions variables de la pollinisation par les abeilles et les colibris. La structuration de la forme de la fleur dans cette
étude suggère l’existence d’un compromis de pollinisation abeille–colibri chez Salvia et l’optimisation des formes
de fleurs généralistes. [Traduit par la Rédaction]

Mots-clés : compromis de la valeur d’adaptation, syndrome de pollinisation, forme de la fleur, front de Pareto,
morphométrie géométrique.
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Introduction
The principle of the most efficient pollinator states

that flowering plants should evolve specializations to
their most frequent and effective pollinator in a given
environment (Stebbins 1970). The assumption of this
evolutionary process predicts arrays of flower traits that
constitute pollination syndromes, which ensure ade-
quate pollen export and receipt (Fenster et al. 2004;
Rosas-Guerrero et al. 2014). A particular set of syndrome
traits represents optimality in a given pollination strat-
egy, which in its purest state involves a unique pollinator
type. However, most flowering plant species are polli-
nated by more than one type of pollinator (Waser et al.
1996), and these pollinators sometimes differ in how
effectively they match flower reproductive structures,
which is required for pollen export and receipt
(Armbruster et al. 2009). This is expected to drive an
optimization process, after which, interspecific varia-
tion in floral morphology will mirror the match with
different groups of effective pollinators.

If the flower trait configuration benefiting pollen ex-
port and receipt by a particular functional group of pol-
linators (sensu Ollerton et al. 2007), conflicts with the
requirements of efficient pollen transfer by other func-
tional groups of pollinators, trade-offs among the opti-
mal trait configurations will take place (Aigner 2001). In
other words, a pollination fitness trade-off arises when
the phenotype maximizing the fitness contribution of
one functional group of pollinators (e.g., bees) negatively
affects the contribution of the other functional group
(e.g., birds). For instance, pollination fitness trade-offs
can arise when the optimal length of stamens or styles
differ in accordance with pollinators varying in size
or behavior (Armbruster et al. 2009). Moreover, other
flower traits, also related to the match between a flower’s
fertile structures and the body and behavior of pollina-
tors, e.g., flower traits restricting the access to nectar
contained at the bottom of flower tubes or spurs
(Thomson and Wilson 2008) or regulating the angle at
which a pollinator approaches flower fertile structures
(Muchhala 2007), can be affected by fitness trade-offs.

In a scenario of functional generalization, i.e., when
different functional groups of pollinators interact with
the plant, optimization of a functionally generalized
flower will be prevented if the phenotypic aspects that
increase the efficiency of one functional group of polli-
nators simultaneously decrease the efficiency of the sec-
ond by the equal amount (Waser et al. 1996). Such strong
trade-offs can take place when the requirements for pol-
len transportation involve functional groups of pollina-
tors that are remarkably different with regard to their
body sizes and behaviors. Nevertheless, the dichotomous
trade-off scenario constituted by two (or more) opposite
functional forms of pollinators might, at least in theory
and under particular conditions, promote the “optimiza-
tion” of generalized flower phenotypes (Aigner 2001;

Sargent and Otto 2006). This will take place as long as
global pollination fitness becomes maximized in a syn-
ergistic fashion (Aigner 2001). Despite the apparent rele-
vance of fitness trade-offs as a mechanism underlying
flower trait optimization, whether flower trait optimiza-
tion is actually driven by fitness trade-offs in plant-
pollinator systems and whether optimization of flower
phenotypes in response to functional generalization can
take place, has seldom been explored. Two exceptional
works addressing these issues are investigations by
Aigner (2004) and Muchhala (2007). While the study of
Muchhala (2007) shows how strong fitness trade-offs can
optimize flower shape for specialization on different
functional groups of pollinators, Aigner (2004) demon-
strated that fitness trade-offs are not necessarily in-
volved in the evolution of functional specialization.

Transitions between bee and hummingbird pollina-
tion are the most prevailing in literature (Rosas-Guerrero
et al. 2014). Differences in flower morphology between
bee and hummingbird pollinated species are proposed to
have resulted from optimization responding to differ-
ent pollinator sizes and behaviors (Thomson and Wilson
2008). The evolution of hummingbird pollination from
ancestral bee pollination generally involved the acquisi-
tion of longer corolla tubes or nectar spurs (Thomson
and Wilson 2008), although other changes to flower
shape took place during transitions from bee to hum-
mingbird pollination in angiosperm lineages lacking
those floral structures (Strelin et al. 2016). The genus
Salvia L. subgenus Calosphace (Lamiaceae) presents several
independent transitions from bee to hummingbird
pollination, and flower phenotype is under pollinator
selection by bees and hummingbirds in this lineage
(Benitez-Vieyra et al. 2014). While most of the species rely
exclusively either on bee or on hummingbird pollina-
tion, some of them present mixed-pollination systems.
Here, we investigated the pathways to the optimization
of flower shape in four species of Salvia subgenus
Calosphace. In particular, we investigated whether optimi-
zation of flower shape in these four species took place in
a context of fitness trade-off. While two of these species
rely exclusively on bee and on hummingbird pollination,
the two remaining rely on mixed-pollination systems,
with varying contributions of bee and hummingbird pol-
lination. We used a pattern-searching tool that allowed
us to identify fitness trade-offs, based on the arrange-
ment of quantitative phenotypic data (Shoval et al.
2012a). We expected the approach to reveal that flower
shape in these four Salvia species runs in pathways of
pollination optimization that reflect the functional
matching of flower structures with the most efficient
pollinators. Depending on the plant species, these polli-
nators belong to a single or to two functional groups.
Finally, since pollination trade-offs are expected to affect
populations of species with mixed-pollination systems,
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we also explored whether flower shape accommodated
to a trade-off pattern at the intra-specific level.

Materials and methods

Studied species and pollinator data
The genus Salvia, with more than 900 species, is the

most diversified in Lamiaceae (Claßen-Bockhoff et al.
2004). Flowers present fused corollas, with nectar accu-
mulating at the bottom of the corolla tubes (Fig. 1A). A
pair of stamens is attached to the corolla tube, constitut-
ing an anther-lever mechanism that allows pollen to be
deposited on the pollinator’s body while it manipulates
the flower to access nectar (Fig. 1A). This anther-lever
mechanism is a unique structure among angiosperms
and is considered as a key innovation, since it allowed
the genus to radiate into different pollination syndromes
(Claßen-Bockhoff et al. 2004).

Within Salvia subgenus Calosphace, bee-pollination is
the ancestral state, whereas bird-pollination is a derived
condition (Wester and Claßen-Bockhoff 2011; Benitez-Vieyra
et al. 2014). This transition involved changes in several
traits and in the correlation between nectar and adver-
tising traits (Benitez-Vieyra et al. 2014). In particular,
differences in flower morphology between bee- and
hummingbird-pollinated species are proposed to have
resulted from optimization responding to different
pollinator sizes and behaviours (Thomson and Wilson
2008). When compared with bee-pollinated species,
hummingbird-pollinated Salvia species tend to have lon-
ger corolla tubes and a more reduced lower corolla lip
(Wester and Claßen-Bockhoff 2011). Longer corolla tubes
in hummingbird-pollinated species enforce the fit be-
tween the hummingbird’s forehead and fertile flower
structures, excluding bees from the interaction. The
shorter corolla tubes of bee-pollinated species enable
these insects to reach the nectar at the corolla base
(Thomson and Wilson 2008; Wester and Claßen-Bockhoff
2011); larger lower corolla lips in bee-pollinated species of-
fer bees a landing platform (Wester and Claßen-Bockhoff
2011).

This study focused on four Neotropical Salvia species.
As a proxy to the relative contributions of bee and hum-
mingbird pollination in these species, we gathered visi-
tation frequency data for each of them. These data were
obtained from the literature and from our own field ob-
servations (Table 1). Visitation frequency data was used
as a surrogate of pollinator importance for each plant
species. This approach is widely used in macroecology,
macroevolution, and community ecology, since the im-
portance of a given pollinator to the reproductive fitness
of a plant species is highly correlated with its visitation
frequency (Vázquez et al. 2005).

The studied species were: Salvia cuspidata subsp. gilliesii
(Benth.) J.R.I. Wood (Fig. 1B), for which only bees were
recorded visiting the flowers; Salvia fulgens Cav. (Fig. 1C),
for which only hummingbird pollination was recorded;
Salvia mexicana var. minor Benth. (Fig. 1D), which is mainly
pollinated by hummingbirds but is also pollinated by
bees; and Salvia stachydifolia Benth, which is mainly pol-
linated by bees but is also pollinated by hummingbirds
(Fig. 1E).

Since mixed-pollinated species are a minority within
Salvia (Wester and Claßen-Bockhoff 2011), choice of the
mixed-pollinated species was based on the availability of
accurate pollinator records, to avoid the circularity of
inferring the importance of each type of pollinator only
from floral traits. Likewise, S. fulgens and S. cuspidata
subsp. gilliesii were chosen based on their local abun-
dance and availability of pollinator data. The four species
in this study belong to different Calosphace clades (Jenks
et al. 2013), allowing us to ignore the phylogenetic con-
text.

Floral measurements
We described the shape of the corolla (with the at-

tached stamens) using geometric morphometric vari-
ables. As mentioned above, corolla shape is crucial for
mediating flower pollinator fit, especially in plant lin-
eages that present transitions between bee and hum-
mingbird pollination (Thomson and Wilson 2008). We

Fig. 1. Flower morphology in Salvia (subgenus Calosphace, Lamiaceae). (A) Basic structure of a Salvia flower. Flower structures
are indicated. CT, corolla tube; UL, upper corolla lip; LL, lower corolla lip; StmL, staminal lever; Stl, style; Ov, ovary; Ne,
nectary; Ca, calyx. (B–E) Flowers of Salvia cuspidata subsp. gilliesii (B); Salvia fulgens (C); Salvia mexicana var. minor (D), and Salvia
stachydifolia (E).
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used the computer digitalizing program tpsDig (Rohlf
2006) to plot landmarks and semi-landmarks on the co-
rolla with the attached stamens (Supplementary data,
Fig. S11) and performed a Procrustes fit to these land-
marks to control for size-related variation and position
using the program MorphoJ (Klingenberg 2011). Average
Procrustes coordinates were calculated for each individ-
ual, and were later used to explore whether the pattern-
ing of flower shape showed a trade-off between bee and
hummingbird pollination in the Salvia species selected
for this study.

Sample sizes (individuals) were as follows: S. cuspidata
subsp. gilliesii, n = 31 (Argentina, 31°5=26==S, 64°27=39==W);
S. fulgens, n = 31 (México, 19°18=47==N, 99°18=41==W);
S. stachydifolia, n = 66 (Argentina, 26°47=48==S, 65°43=22.34==W);
S. mexicana var. minor n = 29 (Mexico (19°35=15==N,
104°16=26==W). Three flowers per individual were kept in
70% EtOH and later photographed, in lateral view, using
a Nikon D80 digital camera and backlight illumination
(Supplementary data, Fig. S1).

The Pareto optimality front concept
The Pareto optimality front concept, borrowed from

economics and engineering, is straightforward to use
and suitable for exploring the incidence of trade-offs in
flower shape optimization. Shoval et al. (2012a) demon-
strated that linear trait correlations can result from fit-
ness trade-offs. In fact, this was surprising because trait
correlations were traditionally considered to be the re-
sult of intrinsic processes such as genetic and develop-
mental constraints (references in Shoval et al. 2012a). The
Pareto optimality front concept has two important as-
sumptions. First, it considers the existence of optimized
phenotypes, so-called archetypes by Shoval et al. (2012a),
which are the phenotypes represented as combinations
of character states that maximize the performance in a
particular task. In our study, these particular tasks cor-
respond to hummingbird and bee pollination (Fig. 2A).
Second, it states that the performance function of the
task carried out by each specialized phenotype (e.g.,
hummingbird pollination) decreases with the distance

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjb-
2016-0145.

Table 1. Pollinator observations in Salvia species.

Plant species and study site

Period of
observation
(min) Flower visitors

Visitation rate
(visits·flower–1·hour–1)

Visitation
rate (%)

S. cuspidataa subsp. gilliesii
(Argentina; 31°5=26==S,
64°27=39==W)

460 Hymenoptera 0.161 100
Bombus (3 spp.) 0.062 38.72
Apis mellifera 0.011 06.50
Apidae: Eucerinii 0.042 26.12
Megachillidae 0.029 17.89
Other hymenoptera 0.017 10.77

S. fulgensb (Mexico;
19°16=00==N, 99°12=00==W)

2880 Hummingbirds NA 100
Hylocaris leucotis NA NA
Eugenes fulgens NA NA
Colibri thalassinus NA NA

S. mexicanaa (Mexico;
19°35=15==N, 104°16=26==W)

120 Hummingbirds (4 species) 0.2803 76.19
Hymenoptera 0.0876 23.81
Bombus sp. 0.0861 23.40
Other hymenoptera 0.0015 00.40

S. mexicanab (Mexico;
19°16=00==N, 99°12=00==W)

1440 Hummingbirds NA NA
Hylocaris leucotis NA NA
Colibri thalassinus NA NA
Eugenes fulgens NA NA
Hymenoptera NA NA
Bombus sp. NA NA
Other bees NA NA

S. stachydifoliaa (Argentina;
26°47=48==S, 65°43=22.34==W)

1530 Hymenoptera 0.0031 82.32
Bombus sp. 0.0028 74.81
Apidae: Centridini 0.0001 02.25
Apidae: Eucerini 0.0001 01.97
Other Hymenoptera 0.0001 03.29
Diptera <0.0001 00.28
Hummingbirds (1 species) 0.0006 17.39

Note: Pollinator guilds are indicated in bold font. NA, no data available.
aOwn observations.
bFrom Arizmendi et al. 2007.
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to the corresponding specialized phenotype (e.g., the op-
timal hummingbird pollinated flower). The phenotypes
with lower global performance are selected against
(Fig. 2A), and the remaining phenotypes are those that
are optimized for generalization, so called trade-off phe-
notypes by Shoval et al. (2012a). These phenotypes con-
stitute the Pareto front. When viewed in the phenotypic
space (Fig. 2B), the phenotypes that were optimized for
generalization are expected to occur along the segment
connecting the optimal specialized trait configurations
(archetypes). Their positions on that segment will de-
pend on the relative importance of each adaptive strat-
egy. Phenotypes not occurring on the segment are
further from the two optima than any phenotype on the
segment, thus implying a lower global performance. If a
trade-off does not exist, trait values can vary indepen-
dently and will fill an uncorrelated cloud in phenotypic
space (Shoval et al. 2012a).

If a pollination fitness trade-off affects flower shape in
the studied Salvia species, the following are “expected”:
(i) individuals of species with specialized and generalized
pollination will be significantly aligned along a single
axis of shape space; and (ii) individuals of species with
generalized pollination will occur in-between individu-
als of species with specialized pollination, their position
matching the relative importance of each pollination
strategy. If the shape of species with mixed pollination is
not affected by a fitness trade-off, at least one of these
conditions will not be fulfilled.

As a final point in this section, it is important to note
that optimization-related concepts in this work are used
to describe a macroevolutionary scenario, where species
traits are being optimized, e.g., Hansen (1997).

Detecting and validating the Pareto front
To determine whether flower shape in Salvia accom-

modates along a single axis of shape space, we followed
the method suggested by Shoval et al. (2012b) and per-
formed a principal component analysis (PCA) to test
whether the first principal component (PC1) of pheno-
typic variables (shape Procrustes coordinates in our
study) explains most of the variation in the analyzed
sample. Procrustes coordinates from flowers belonging
to the same individual were averaged, exported from
MorphoJ (Klingenberg 2011) and imported into R (R Core
Team 2016), where we performed a PCA using the func-
tion prcomp. The observed ratio between the first eigen-
value and the sum of the remaining eigenvalues of this

PCA, �1o/�
i�2

n

�io (where n is the total number of eigenval-
ues), was calculated. From here on we call this ratio
EV.Ro. We then obtained a null model distribution of
EV.R, using uncorrelated data sets. These data sets were
created by randomizing each variable (Procrustes coordi-
nate) to create individuals with new configurations of
variables. In all, 10 000 randomized data sets were gen-
erated and EV.R computed to generate a random distri-
bution of this ratio. EV.Ro was then compared with this
distribution to give its p value. An EV.Ro with a probabil-
ity p < 0.05 of being higher than the ratio expected under
the null model was considered to be significant. Once the
meaningfulness of PC1 was determined, we proceeded
to check whether the individuals of the bee- and the
hummingbird-pollinated species accommodate close to
the edges of the data cloud along PC1 and whether the
individuals of species with mixed-pollination systems ac-
commodate in-between, reflecting the relative contribu-
tions of each functional group of pollinators.

Two additional randomizations were undertaken to
assess whether within-species variation in flower shape,
in species with mixed pollination, repeats, at a smaller
scale, the global (macroevolutionary) pollination trade-
off pattern. We did not expect this for species with
specialized pollination. In the first randomization, we
assessed whether within-species correlations in species
with mixed pollination made a significant contribution
to PC1. For this, 10 000 data sets including the four spe-
cies, with uncorrelated values for species with mixed
pollination, were generated and a new distribution of
EV.R generated. An EV.Ro higher than the value expected
under this alternative null model was considered to
show that within-species correlations in species with
mixed pollination contribute to PC1 and therefore repeat
the global trade-off pattern. To rule out the possibility
of within-species correlations in specialized species
also presenting the trade-off pattern, we generated
10 000 uncorrelated data sets including the four species,
with uncorrelated values for species with specialized pol-
lination. EV.Ro was then compared with this last null
model. An EV.Ro higher than the value expected under
this last null model was considered to show that within-

Fig. 2. Schematic representation of how, according to
Pareto front theory, a trade-off between bee and
hummingbird pollination would affect two flower traits
(a and b). Filled circles represent specialized, or archetypical,
phenotypes: red = hummingbird pollination; blue = bee
pollination. Strikethrough circles represent phenotypes
that are selected against because of low performance. The
Pareto front is represented: (A) in performance (w) space
and (B) in phenotypic space. The Pareto front can be
conceived as (A) the curve or (B) the line containing the
phenotypes that remain after the elimination of
phenotypes with a lower global performance. This figure
is based on Fig. 1 in Shoval et al. (2012). [Colour online.]
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species correlations in species with specialized pollina-
tion also contribute to PC1, repeating the global trade-off
pattern.

Results
PC1 explained 67.19% of variability in flower shape and

was significantly meaningful when compared with the
sum of the remaining principal components (p < 0.0001).
PC2 explained 24.3% of variability in flower shape. Fur-
ther details of the output of the PCA analysis are pre-
sented in the Supplementary data, Table S1. Increasing
values along PC1 correspond to a proportionally shorter
and more open corolla tube and to a proportionally
larger lower corolla lip. Increasing values along PC2 cor-
respond to more open corollas. Individuals of different
species occurred in distinct clusters along PC1 (Fig. 3).
Individuals of the hummingbird-pollinated species,
S. fulgens, and the bee pollinated species, S. cuspidata subsp.
gilliesii, occurred at the edges, corresponding with low
and high PC1 values, respectively; individuals of the
two species with mixed pollination, S. stachydifolia, and
S. mexicana var. minor, occurred at intermediate posi-
tions. Individuals of S. stachydifolia, which is mainly bee-
pollinated, occupy positions that are closer to the
bee-pollinated archetype; individuals of S. mexicana var.
minor, which are mainly hummingbird-pollinated, oc-
cupy positions that are closer to the hummingbird-
pollinated archetype (Fig. 3). Within-species correlations
both in species with mixed and specialized pollination
significantly contribute to PC1 (p < 0.0001, p < 0.001 in
each case, respectively), which means that variation of
flower shape along PC1 includes a significant component
of within-species variation.

Discussion
The results of this study suggest that the optimization

of flower shape in Salvia takes place in a fitness trade-off

context. This is the case under functional specialization
but also under functional generalization. In other words,
flower shape in the studied Salvia species matches the
importance of each functional group of pollinators (in-
ferred through pollinator visitation frequency), in agree-
ment with the prediction of the Pareto front theory. In
turn, within-species flower shape variation in specialized
and in mixed-pollinated species contributes significantly
to PC1, which suggest that the patterning of within-
species variation matches, to some extent, the interspe-
cific variation pattern.

Typically, optimality is deemed to be in the context of
functional specialization, depicted by a dichotomous
scenario (e.g., bees versus hummingbirds) in which pol-
lination syndromes correspond to a pure pollination
strategy. We have shown that flower trait optimization
in Salvia might arise in the context of a trade-off between
adapting to hummingbird and bee pollination, and that
the optimization of generalized flower shapes in species
with mixed pollination systems can take place. Although
the evolution of generalized pollination has been associ-
ated with an increase in flower trait variance, which
ensures the match with different types of pollinators
(Armbruster et al. 1999), generalized pollination in
S. stachydifolia and in S. mexicana var. minor seems to have
involved optimization of flower shape configurations
that are weighted averages of the specialized phenotypes
(archetypes) and maximize the contribution of each type
of pollinator (Shoval et al. 2012a). Since these averages
are weighted by the importance of bee and humming-
bird pollination in each plant lineage (Shoval et al.
2012a), S. stachydifolia, and S. mexicana var. minor differ in
their optimal flower shapes.

Flower shape configurations at the edges of the data
cloud along PC1 correspond to previous descriptions of
pollination syndromes in Salvia (Wester and Claßen-Bockhoff

Fig. 3. Output of the PCA analysis performed to evaluate the presence of a Pareto front in flower shape data. The colour
gradient indicates different degrees of reliance on bee (cyan) and hummingbird (red) pollination. Shape changes along PC1 and
PC2 are shown. The average value of each species along PC1 is indicated with a broken line. Distances between the average
value along PC1 of each species with mixed pollination and the average value of each archetype are as follows: Salvia
stachydifolia and S. cuspidata subsp. gilliesii (bee-pollinated archetype) = 0.0497; S. stachydifolia and S. fulgens (hummingbird-
pollinated archetype) = 0.3449; S. mexicana var. minor and S. cuspidata subsp. gilliesii (bee-pollinated archetype) = 0.3031;
S. mexicana var. minor and S. fulgens (hummingbird-pollinated archetype) = 0.0915. [Colour online.]
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2011). Increasing values along PC1 (increasing importance
of bee pollination) correspond to a proportionally
shorter and more open corolla tube and to a more con-
spicuous lower corolla lip; decreasing values along PC1

(increasing importance of hummingbird pollination)
correspond to a proportionally longer and narrower co-
rolla tube, and to a less conspicuous lower corolla lip.
Differences between the shape configurations at the
edges of the data cloud along PC1 make sense in a polli-
nation fitness trade-off context. While long corolla tubes
containing nectar at their bottom may play an important
role in promoting the fit between the hummingbird’s
forehead and the fertile structures of the flower, they
may at the same time isolate, or at least partially block,
bees from the interaction (Thomson and Wilson 2008;
Ashworth et al. 2015). Comparatively shorter corolla
tubes may instead allow nectar access to bees but lower
the efficiency of hummingbird pollination, since pollen
would be deposited on the beak, where it is more likely
to get lost than from feathered foreheads (Thomson and
Wilson 2008). While a narrower corolla may subtract
degrees of freedom to the hovering movement of hum-
mingbirds, thereby forcing the contact between the
hummingbird’s forehead and the fertile structures of the
flower (Muchhala 2007), this may at the same time im-
pede bees from accessing nectar. Conversely, wider co-
rollas may enable bees to access nectar, but may not be
very effective in promoting the contact between the
bird’s forehead and the fertile structures of the flower.
Finally, the size of the lower lip may also be subject to a
trade-off, more related to flower advertisement than to
flower–pollinator fit. Pollinators that have to land on the
flower to forage, e.g., bees, tend to use frontal advertise-
ment traits such as the size of the lower lip; whereas
pollinators that hover and easily change their flight di-
rection, e.g., hummingbirds, are more likely to use side
advertisement traits (Dafni 1994). This was in fact dem-
onstrated for bee- and hummingbird-pollinated species
of Salvia (Benitez-Vieyra et al. 2014), where large lower
lips make an important contribution to frontal flower
display. Since the resources that can be invested in
flower production are limited (Holland et al. 2004), a
trade-off may affect the amount of resources that can be
allocated to producing tissue participating in frontal and
side flower display.

Although almost 70% of flower shape variation was
explained by PC1, more than 20% of shape variation is
orthogonal to this component. Individuals in species
with mixed pollination depart towards lower values of
PC2, corresponding with narrower corollas, which con-
fers a slightly curved shape to the accommodation of
flower shape data. Pareto fronts with straight-line shapes
are expected in idealized scenarios, where the perfor-
mance functions of different phenotypic aspects; e.g.,
corolla tube length, corolla tube narrowness, and size of
the lower corolla lip, decay at the same rate when depart-

ing from the two archetypical trait configurations
(Sheftel et al. 2013). However the contribution of each
phenotypic aspect to the performance in each task may
vary, e.g., corolla narrowness may be more limiting for
effective hummingbird than for effective bee pollina-
tion, which can result in curved Pareto fronts (see Sheftel
et al. 2013).

Finally, our results suggest that within-species varia-
tion also mirrors the global fitness trade-off pattern. Al-
though we expected this to be the case only in species
with mixed-pollination systems, we also found this for
functionally specialized species, where this pattern does
not make sense from a functional (pollination) perspec-
tive. This leads us to two speculations: (i) maybe bees and
hummingbirds contribute, to some extent, to pollina-
tion in S. fulgens and S. cuspidata subsp. gilliesii, respec-
tively; (ii) the patterning of flower shape in the four
studied Salvia species, as well as the global Pareto front
pattern, are developmentally determined. This last point
does not exclude the possibility of developmental shape
correlations in specialized species to have been moulded
by pollination fitness trade-off in their ancestors. In fact,
variation expressed by developmental systems is ex-
pected to be imprinted by past selection (West-Eberhard
2005).

Summing up, the optimization of flower shape in re-
sponse to different pollination strategies in Salvia subge-
nus Calosphace seems to take place in a context of fitness
trade-off. The optimization of flower shape responding
to functional generalization can also take place in this
lineage. Although we demonstrated the straightforward-
ness of the Pareto front approach for detecting trade-off
patterns applicable to field studies, complementing this
exploratory approach with experiments, e.g., experi-
mentally assessing the efficiency of pollen transporta-
tion by different agents in each species, is still required
for a deeper understanding of fitness trade-offs and
flower trait optimization. This approach also affords a
novel visualization of plant–pollinator interactions,
where these give rise to a whole system, namely the
Pareto front, which includes the optimization of flower
shape for functionally specialized pollination, but also
for functionally generalized pollination.
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