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ARTICLE INFO ABSTRACT

Edited by Timotheus van der Niet Plants that co-occur and co-flower may suffer negative fitness consequences through pollinator sharing. How-
ever, if they have evolved specific adaptations such as being pollinated by only a subset of the available polli-
nator spectrum, they may co-exist without losing species integrity. Pollinator partitioning can be achieved by
exhibiting specific floral traits, which promote the attraction of certain floral visitors (ethological isolation) and/
or by specific flower proportions, which either only fit to part of the possible visitors or contribute to pollinator
sharing without pollen mixing (mechanical isolation). In this study, we aimed to identify the floral traits and
suite of pollinators associated with the reproductive isolation of three co-occurring and co-flowering Salvia
species (S. cruikshanksii, S. tafallae, S. tubiflora) from the high elevation shrubland in the central Peruvian Andes.
We investigated flower morphology, spectral reflectance (colour), and scent chemistry, as well as pollinator
behaviour and breeding system. Salvia cruikshanksii and S. tafallae are adapted for bee pollination, whereas
S. tubiflora is adapted to hummingbirds. Accordingly, all floral traits of S. tubiflora are distinct from those of the
other two Salvia species. Although S. cruikshanksii and S. tafallae both attract bees, they do not share a single
pollinator species. Reproductive isolation might be predominantly based on species-specific odour bouquets
reinforced by visual signals (ethological isolation), and on differences in floral proportions between the Salvia
species such as flower tube lengths (mechanical isolation). The three Salvia species demonstrate the significance
of diversified floral traits in a species assemblage causing pollinator partitioning and allowing co-existence
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floral rewards to a subset of available pollinators or enabling the use of
the same pollinators by placing the pollen onto different body sites
(mechanical isolation) (Grant, 1994; Rieseberg and Willis, 2007;

1. Introduction

In highly biodiverse ecosystems such as the Andes, species belonging

to species-rich genera like Salvia can be found co-occurring at the same
locality (sympatry) and co-flowering in the same periods of the year
(Benitez-Vieyra et al., 2019). This can risk the integrity of species by
creating conditions for interspecific pollen flow mediated by pollinators.
Therefore, floral specificity resulting in pollinator partitioning is
considered an important prezygotic barrier that prevents interspecific
pollen flow among (closely) related species (Grant, 1994; Botes et al.,
2008). Floral specificity can be achieved by the preference of pollinators
to specific floral signals such as colour and/or scent (ethological isola-
tion), and by morphological traits either restricting the accessibility of
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Schiestl and Schliiter, 2009; Ruchisansakun et al., 2016).

Mechanical isolation can be the consequence of pollinator-mediated
selection when changes in floral traits such as flower tube length or
width of the flower entrance exclude visitors of certain body proportions
(e.g. bee pollinated Salvia: Grant, 1994; oil secreting orchids: Pauw,
2006). Moreover, mechanical isolation can also occur among flowers of
plants that share the same functional pollinator group (sensu Fenster
et al.,, 2004). For instance, the pollen of different plant species is
deposited on different parts of the pollinator’s body (e.g., Pedicularis:
Macior, 1983; Stylidium: Armbruster et al., 1994; Salvia:
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ClaBen-Bockhoff et al., 2004; Celep et al., 2020; Impatiens: Ruchisansa-
kun et al., 2016).

Ethological isolation is caused by sensorial adaptation or learned
preferences of the pollinators, which result in pollinator specialisation or
foraging constancy. Individual pollinators respond specifically to floral
signals and forage preferentially on a certain flower type during a suc-
cession of visits (Grant, 1994; Schiestl and Schliiter, 2009). Mimulus
(Phrymaceae) and Ophrys (Orchidaceae) species are classical examples,
as the different pollinators visit flowers guided by floral colour and
odour (Paulus and Gack, 1990; Schemske and Bradshaw, 1999).

The genus Salvia (Lamiaceae) is a highly diverse genus with c. 1000
accepted species, around 600 of them distributed in the Neotropics (Will
and Claken-Bockhoff, 2017; Kriebel et al., 2019, 2020). Species often
occur sympatrically and are mainly pollinated by bees or birds
(Benitez-Vieyra et al., 2019; Wester and ClaRen-Bockhoff, 2011).
Hybridisation has been documented among neotropical species (Epling,
1947; Grant and Grant, 1964; Haque and Ghoshal, 1981; Owens and
Ubera-Jiménez, 1992; Ramamoorthy and Elliott, 1998), suggesting
absence of postzygotic barriers among these species. Co-existence may
therefore mainly depend on prezygotic isolation mechanisms. In the
present study, we investigate three co-occurring and co-flowering Salvia
species from the Peruvian Andes, aiming to elucidate whether and how
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niche partitioning in pollinator use is associated with variation in floral
traits. We expect that these coexisting species are adapted to different
pollinators and exhibit differences in floral traits, and that species with
the same pollinator group are characterized by specific floral traits
and/or signals resulting in assortative mating. We specifically aim to
elucidate whether these species share pollinators and deposit pollen on a
species-specific site of the pollinator’s body as known from certain
bee-pollinated Salvia species (ClaBen-Bockhoff et al., 2004; Celep et al.,
2020) or have different nectar tube lengths attracting pollinators with
different mouthpart lengths. We focus on the identification and speci-
ficity of floral volatiles, which are known to play a prominent role in
flower-pollinator interactions (Dotter]l and Vereecken, 2010), but have,
to our knowledge, not yet been considered in a Salvia field study.

2. Material and methods
2.1. Study site

The field study was carried out in a natural, c. 4 ha large area located
in the Central Peruvian Andes near Pariamarca village (11.494° S,

76.633° W) at 2900-3100 m above sea level (Fig. 1A). This area is
characterized by a shrubland vegetation, sub-humid climate, and strong

Fig. 1. Habitat, growth form and Salvia species included in the study. A. High Andean shrubland vegetation at 3000 m above sea level. Growth form of Salvia
cruikshanksii (B), Salvia tafallae (C), and Salvia tubiflora and S. cruikshanksii growing side by side (D). Flower side view of S. cruikshanksii (E), S. tafallae (F) and

S. tubiflora (G). Bars = 1 cm.
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seasonality. The wet season lasts from November to April, with dry
conditions during the rest of the year. Salvia cruikshanksii, S. tafallae and
S. tubiflora co-occur and co-flower in this area. Plants of the three species
were scattered in the area with 4.2 individuals per m? for S. cruikshanksii
and 1.5 individuals per m? for the other two species. Individuals of
different species were direct neighbours (Fig. 1D) or only few meters
(5-10 m) apart from each other. Fieldwork was carried out during
February, March and August of 2015, and March and April of 2016.

2.2. Study taxa

The three studied Salvia species belong to three different sections of
the neotropical subgenus Calosphace. Their phylogenetic relationships
are not known as only S. tubiflora has been included in molecular phy-
logenies (Fragoso-Martinez et al., 2018; Kriebel et al., 2020). The species
overlap in geographical distribution, altitudinal range, habitat prefer-
ence, and flowering season and differ in growth form and flower colour
(Table 1).

2.3. Flower life span and floral anthesis

To determine flower longevity, 15-20 flowers per species were
monitored from the bud stage until corolla senescence. Monitored
flowers were observed every day early in the morning (between 6:00
and 7:00 h) and in the afternoon (between 16:00 and 17:00 h). To avoid
effects of pollination-induced wilting, flowers were covered with net
bags (5 x 2.5 cm) during the monitoring period. To determine the period
of stigma receptivity (‘female’ phase), we used the peroxidase test (H202
solution at 10 %; Dafni et al., 2005); likewise, the pollen donating
(‘male’) phase was identified by recording pollen release from the an-
thers during the observation period.

2.4. Flower morphology

Open flowers of S. cruikshanksii (n = 45), S. tafallae (n = 32) and
S. tubiflora (n = 37) were collected, each flower from a different indi-
vidual. To quantify differences in the morphology of the Salvia species,
we measured morphological flower traits related to pollen transfer using
a pair of callipers. In S. cruikshanksii and S. tafallae, 11 traits were
selected: a, Flower length. b, Length of the corolla tube. c, Distance from
the flower entrance to the nectar chamber. d, Distance from the thecae
to the nectar chamber. e, Total length of the connective. f, Length of the
upper connective arm. g, Length of the filament. h and i, Horizontal and
vertical diameters of the corolla entrance. j, Style length. k, Length of the
lower lever arm (Fig. 2). In S. tubiflora with exerted styles and thecae,
four additional traits were measured: 1, Exertion of the lower stigmatic
lobe. m, Exertion of the thecae. n, Distance from the lower stigmatic lobe
to the distal end of the theca. o, Distance between the distal ends of the
thecae. To identify statistical differences among species, a Kruskal-
Wallis test was performed followed by Mann-Whitney tests for

Table 1
Characteristics of the Salvia species investigated. !, after Fragoso-Martinez et al.,
2007.
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pairwise comparisons. A Benjamini correction was later performed to
identify statistical differences among species.

Special attention was given to the morphometric data of the similar
looking S. cruikshanksii and S. tafallae. To investigate whether the flower
morphology as a whole is different between these species, we performed
a principal component analysis (PCA) based on non-standardized values.
The tests were performed by using SPSS v. 20 (IBM Corp.) and PAST
3.25.

2.5. Floral colour

The spectral reflectance of the outer corolla was measured in flowers
of S. tubiflora (n = 12), of the inner corollas in S. cruikshanksii (n = 11)
and S. tafallae (n = 11) and of the nectar guide (n = 7) in S. cruikshanksii.
Measurements were taken by using an Ocean Optics JAZ spectrometer
(Ocean Optics, Inc., Florida, USA) equipped with a pulsed xenon light
source (JAZ-PX) and attached to a fibre-optic cable (UV/VIS 400 pm;
World Precision Instruments, Inc., Florida, USA) held at 45° and ca. 5
mm from the measured spot. A WS-1-SL (Ocean Optics) was used as
white standard and a black film cannister as black standard. To char-
acterize the perception of corolla and nectar guide colours by bees, we
used the colour hexagon (Chittka, 1992), based on the spectral sensi-
tivities of Apis mellifera (L.). In this model, the measured reflections are
plotted as loci in the bee colour space (Chittka and Kevan, 2005) with
the bee-achromatic area located in the center of the model.

2.6. Floral scent

We collected floral volatile samples of Salvia species in situ by using a
headspace sampling technique. Inflorescences from seven individuals
per species were individually enclosed in a polyester oven bag (12 x 3
cm, Toppits®, Germany) and the floral scent was left to accumulate for
40 min, after which the floral scents were pumped for 5 min to an
adsorbent tube at a constant flow rate of 200 mL min™.. The adsorbent
tubes consisted of Chromatoprobe quartz glass microvials (Agilent Inc.;
length: 15 mm; inner diameter: 2.5 mm) filled with 3 mg of a 1:1 mixture
of Tenax™ TA (60/80 mesh; Supelco, Bellefonte, PA, USA) and Carbo-
trap B (20/40 mesh; Supelco, Bellefonte, PA, USA). In parallel, we
collected volatiles from green parts (i.e., inflorescences in development
and stems with leaves) of Salvia species (n = 1 per each species) and
environmental controls (empty bags; n = 3) using the same protocol to
be able to exclude floral from non-floral volatiles and volatiles present in
the ambient air. Adsorbent tubes were placed in 2 ml screw cap vials,
labelled, and stored at —20 °C until the chemical analyses.

In the lab, collected floral scent samples were analysed using a
coupled gas chromatograph-mass spectrometer system (7890B GC —
5977A MSD, Agilent Technologies, Germany), equipped with a thermal
desorption unit (TDU, Gerstel, Miihlheim a.d. Ruhr) and a cold injection
system (CIS 4C, Gerstel, Miihlheim a. d. Ruhr). The GC was equipped
with a DB-5MS capillary column (30 m x 0.25 mm i.d. x 0.25 pm film

2018; Cairampoma, 2021. 2 after Brako and Zarucchi, 1993; Macbride, 1960; Wood,

Characteristics S. cruikshanksii S. tafallae S. tubiflora
(Fig. 1B, E) (Fig. 1G, F) (Fig. 1D, G)
Section Flocculosae Rhombifoliae Biflorae
Geographical distribution® north Peru to central Peru central Peru to north Bolivia central Peru to north Chile
Altitude above sea level 1500-3000 2000-3750 0-3000

(in meters)2
Vegetation type? shrublands semi-disturbed areas, rocky slopes
Flowering season XII-IV
(in months)?
Growth form 2 Shrub, 1-1.5 m tall
Flower colour blue
(as perceived by humans)?

shrublands disturbed areas shrublands disturbed areas, rocky slopes
I-IV XII-VII

Annual, 0.4-0.5 tall Shrub, 1-2 m tall
blue red
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Fig. 2. Morphometric measurements in flowers. Example: longitudinal section of a Salvia cruikshanksii flower. co, constriction of the floral tube. con, connective. fil,
filament. n, nectary. nc, nectar chamber (lower part of the floral tube where nectar can be stored). st, stigma. th. theca. a-g, morphometric data (see Table 3).

thickness, J&W Scientific, Folsom, CA). We used helium as carrier gas
with a constant flow of 1 ml/min. Chromatoprobes were thermally
desorbed at 300 °C for 10 min and refocused with liquid nitrogen. Oven
temperature started at 50 °C for 1 min, was then raised to 310 °C at a
rate of 4 °C/min. The mass spectrometer was run in electron ionization
(EI) mode (70 eV) and set to a scan range from 35 to 450 m/z with a
scanning rate of 3.5 scans/sec. Obtained mass spectra were processed
using the Automated Mass Spectral Deconvolution and Identification
System (AMDIS) software (National Institute of Standards and Tech-
nology, Gaithersburg, United States). Floral scent compounds were
identified based on their mass spectra using a commercial mass spectra
library (NIST11), the library of the Institute of Evolutionary Ecology and
Conservation Genomics at Ulm University, and the chemicals’ retention
indices (e.g. Adams, 2017). The peak areas on the mass spectra were
integrated and used to determine the relative percentages of each
compound. Green parts of Salvia species are generally scented, inde-
pendently of bearing flowers. Therefore, we consider it unlikely that
they would play a role in pollinator attraction. As we were interested in
floral traits, we excluded chemicals produced by the green parts from
our final floral scent list.

Differences in floral scent composition of the three Salvia species
were analysed by comparing the relative proportions of the compounds
identified in our samples. Relative proportions of the floral scent
chemicals were fourth-root transformed before calculating the Bray-
Curtis similarity index to determine semi-quantitative differences in
floral scents. Then, a PERMANOVA with 10,000 permutations was used
to test for differences in scents between species and types of functional
pollinator groups (bee vs bird pollination). An NMDS was performed to
graphically display the (dis)similarities in floral scent patterns among
samples. PERMANOVA and NMDS tests were performed using the vegan
package and displayed graphically using the “ggplot2 package’ of R.

2.7. Nectar volume and sugar concentration

Nectar volume was assessed for each Salvia species from 10 to 15
flowers per species, one flower per individual. Prior to the beginning of
anthesis, flowers were bagged. On the first day of anthesis, nectar

volume was measured using 5 pL microcapillary tubes and sugar con-
centration was determined using a hand-held refractometer. Differences
in nectar production and sugar concentration among species were
assessed through Mann-Whitney U tests followed by a Bonferroni
correction using the “stats package’ of R.

2.8. Pollinator observations

Floral visitors were recorded by direct observations in intervals of 15
min per hour, from 8:00 to 16:00 h, during 10 to 12 days per species.
Observations were performed on 26 individuals in S. cruikshanksii, 24 in
S. tafallae and 17 in S. tubiflora. A photo camera (Canon Powershot G16)
and a video camera (Panasonic HC-X810) were used to document the
floral visitors. Photographs of the bird pollinators were used to identify
the bird species by using a bird field guide (Schulenberg et al., 2007) and
the collection of bird skin material from the Museum of Natural History
of San Marcos University (Department of Ornithology). Insect pollina-
tors were captured with an insect net and preserved in ethanol (70 %) for
later determination. They were identified by using keys of local insects
(Aguilar, 1961, 1965), by comparing them with those from the ento-
mological collection at the Museum of Natural History of San Marcos
University, and by consulting specialists. Videos were used to charac-
terize the pollinators based on the frequency of visits, contact with the
stigma and anthers, position of pollen placement, and flights performed
among con-specific plants. They were produced during the observation
times and comprise a total time of 12-14 h per species.

Morphometric data (head height, maxilla length and glossa length;
sample size of n = 10) were taken from 11 bee species excluding un-
commonly recorded bee species (samples per species <10) from the
analysis. Xylocopa viridigastra was also excluded, since it has markedly
larger body proportions than the other pollinators. We applied a Prin-
cipal Component Analysis (PCA) using SPSS v. 20 (IBM Corp.) and PAST
3.25 to visualize how the bee species group according to their body
proportions.
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Table 2
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Floral biology and nectar characterisation of the studied Salvia species. FL, floral longevity in days. Ad, time of anther dehiscence. Sr, time of stigma receptivity.
Numbers in Ad and Sr: 1, before corolla opening. 2, during corolla opening. 3, after corolla opening. n, sample size.

Species Fl (n) Ad Sr Dichogamy (< 3 h) Nectar (uL) Mean =+ SD (n) % Sugar (Brix) Mean + SD (n)
S. cruikshanksii 5(27) 2 3 Protandry 0.55 + 0.33 (22) 33.7 £ 5.9 (14)
S. tafallae 1(19) 3 1 Protogyny 0.46 + 0.16 (25) 37.7 £ 8.6 (15)
S. wbiflora 4(34) 3 1 Protogyny 8.22 + 3.62 (25) 20.94 + 2.6 (24)
Table 3

Morphometric data of studied Salvia species. SD = standard deviation, N = sample size (a-g see Fig. 2A). Characters: a, flower length. b, length of the corolla tube. c,
distance from the flower entrance to the nectar chamber. d, distance from the thecae to the nectar chamber. e, total length of the connective. f, length of the upper
connective arm. g, length of the filament. h, diameter of the corolla entrance (horizontal). i, diameter of the corolla entrance (vertical). j, style length in natural

position. k, length of the lower lever arm.

Character Salvia cruikshanksii Mean (cm) + SD (n) Salvia tafallae Mean (cm) + SD (n) Salvia tubiflora Mean (cm) + SD (n)
a 1.07 £ 0.18 (45)* 1.33 + 0.13 (34)° 4.27 £0.32 (37)¢
b 0.70 + 0.13 (45)* 0.78 + 0.15 (34)* 3.13 + 0.54 (37)°
c 0.37 £ 0.07 (45)* 0.49 + 0.13 (34)° 2.74 £ 0.41 (37)¢
d 0.70 £ 0.10 (45)° 1.05 + 0.10 (34)° 4.18 £ 0.43 (37)°¢
e 0.52 + 0.10 (45)* 0.84 + 0.09 (34)° 3.37 £ 0.70 (37)°¢
f 0.37 + 0.09 (45)* 0.56 + 0.09 (34)° 2.01 + 0.60 (37)¢
g 0.26 & 0.04 (45)* 0.26 =+ 0.06 (34)* 0.39 + 0.07 (37)°
h 0.22 + 0.04 (45)* 0.22 £ 0.03 (34)* 0.85 + 0.10 (37)°
j 0.17 + 0.04 (45)* 0.16 + 0.03 (34)* 0.41 + 0.14 (37)°
j 1.12 £ 0.09 (45)* 1.28 + 0.08 (34)° 5.09 £ 0.41 (37)¢
k 0.36 £ 0.06 (45)? 0.36 £ 0.03 (34)* 1.62 + 0.23 (37)°
1 1.06 + 0.29 (37)
m 0.66 + 0.27 (37)
n 0.43 + 0.24 (37)
o 0.54 £+ 0.16 (37)

Different letters indicate significant differences among means (p < 0.05; Mann-Whitney test with Benjamini correction).

2.9. Breeding system

Hand-pollination experiments were used to test for self-compatibility
as follows.

e Natural pollination: untreated flowers were marked to determine
seed set under natural conditions.

e Geitonogamy: bagged flowers were emasculated and hand pollinated
with pollen from the same plant.

e Xenogamy: bagged flowers were emasculated and hand pollinated
with conspecific pollen of other genets.

After two to three weeks of the hand pollination events, we collected
the fruits and assessed the fruit and seed set. For each species and
treatment, the sample size was between 10 and 21 flowers of different
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Fig. 3. Floral morphological traits of Salvia cruikshanksii (green) and Salvia
tafallae (violet). The first axis of the principal component analysis accounts for
66.6 % of the observed variance between the individuals, Th-nc, distance be-
tween theca and nectar cover. Cnn, connective length. Up—cnn, upper connec-
tive arm length. The second axis accounts for 15.6 %. C-tb, corolla tube length.
Flw, flower length.

individuals. To identify differences in seed set among treatments and
species, we performed a non-parametric Kruskal-Wallis-test using SPSS
v. 20 (IBM Corp.) and PAST 3.25.

3. Results
3.1. Inflorescence architecture and phenology

The three Salvia species have open inflorescences (thyrses) with
flowers arranged in cymes. At each node, two cymes form a verti-
cillaster. In S. cruikshanksii and S. tafallae, inflorescences have <10
nodes each with 3-6 flowers in the first and up to 10 flowers in the
second species, respectively. The flowering sequence is acropetal along
the main axis and ordinal within the cymes resulting in a mixed flow-
ering pattern of flowers of 1st and 2nd order. Inflorescences of
S. tubiflora have >10 nodes. The cymes are usually reduced to the pri-
mary flowers altering the thyrse into a spike with two flowers per node.

E(B)

UV-blue y / green-blue

E(U) E(G)

UV-green

Fig. 4. Floral colour perception by bees. Hexagonal model for bee vision.
Corolla colours: S. cruikshanksii (green), S. tafallae (violet), S. tubiflora (orange).
Nectar guide reflectance: S. cruikshanksii (grey).
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Table 4
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Floral scent profile (compounds and relative proportions in %) of bouquets emitted by the inflorescences of Salvia cruikshanksii, Salvia tafallae and Salvia tubiflora.

Undetected values are listed as “0". RI = retention index.

RI Chemical compound Salvia cruikshanskii Salvia tafallae Salvia tubiflora
967.51 Mesitylene 1.06 + 0.90
972.00 Sabinene 21.01 + 13.93

975.42 p-Pinene 6.08 £1.72

985.35 Sulcatone 0.73 + 0.93

990.19 B-Myrcene 6.02 + 1.74

1003.65 a-Phellandrene 2.90 + 0.94

1007.94 3,3-Dimethyl octane 36.54 + 22.36
1019.18 2,5-Dimethyl nonane 13.97 +9.39
1036.31 cis-p-Ocimene 3.56 £ 2.65

1047.81 trans-B-Ocimene 8.99 +9.19 0.30 £ 0.28

1057.86 y-Terpinene 17.75 £ 27.18

1071.04 1-Octanol 0.94 + 0.66

1089.84 Terpinolene 0.86 £+ 0.42

1095.08 2,3,6,7-Tetramethyl octane 7.71 + 6.02
1095.19 Methyl benzoate 7.64 + 4.96

1100.95 Linalol 0.15 + 0.15

1112.00 p-Mentha-1,3,8-triene 0.29 + 0.24

1116.97 B-Thujone 0.76 £ 0.63

1121.28 trans-p-Mentha-2,8-dienol 0.31 £0.23

1129.95 (E,E)-2,6-Dimethyl-1,3,5,7-octatetraene 0.16 £ 0.11

1138.23 cis-Limonene oxide 3.44 £ 2.16

1141.43 trans-Sabinol 1.48 £+ 0.92

1145.45 Camphor 5.41 +6.29
1194.88 Methyl salicylate 0.82 + 0.94

1211.80 Octyl acetate 7.05 + 3.03

1229.36 Unidentified (aliphatic) 4.89 + 2.09 2.05 + 3.19
1230.87 Unidentified (monoterpene) 14.54 + 7.95

1245.46 D-Carvone 0.54 £ 0.48

1265.79 cis-carvone oxide 0.39 + 0.24

1302.52 Carvacrol 0.38 £ 0.59

1307.23 Undecanal 0.60 + 0.47

1330.97 Unidentified (aliphatic) 3.22 +1.56

1339.22 §-Elemene 1.21 +1.63

1351.77 a-Cubebene 0.79 £ 0.97

1374.13 1-Undecanol 0.52 + 0.53

1378.39 Copaene 2.61 £1.76

1380.41 a-Bourbonene 3.98 +£4.97 2.46 £1.61

1389.45 p-Bourbonene 33.18 + 17.60

1392.30 Sativene 1.40 + 2.48

1412.77 a-Gurjunene 0.59 + 0.60

1430.45 Unidentified (aliphatic) 3.40 £ 2.29

1434.53 B-Gurjunene 4.81 + 4.12

1447.39 Unidentified (sesquiterpene) 2.34 +£1.52

1452.55 Unidentified (sesquiterpene) 11.03 + 15.45
1473.66 1-Dodecanol 1.37 £ 0.76

1480.35 y-Muurolene 0.76 + 0.97

1484.54 Unidentified (sesquiterpene) 7.13 +£13.07

1486.76 Unidentified (sesquiterpene) 1.20 + 2.43
1491.54 Unidentified (sesquiterpene) 1.92 + 2.32

1498.69 Unidentified (sesquiterpene) 4.73 + 3.51

1501.89 Unidentified (sesquiterpene) 1.34 +£1.89

1510.18 B-Bisabolene 21.03 + 29.80
1516.36 y-Cadinene 1.28 +1.88

1525.26 trans-Calamenene 2.19 £1.55

1530.93 Unidentified (aliphatic) 4.84 + 2.53

1558.76 Unidentified (aliphatic) 0.87 +£1.29

1564.88 (E)-Nerolidol 0.48 £1.10

Consequently, flowering sequence is strictly acropetal. After anthesis,
the internodes elongate elevating the open flowers out of the shrub
(Fig. 1D).

Anthesis of all species started around 7:00 — 8:00 a.m., slightly
varying with cold or warm weather conditions. Salvia cruikshanksii
exhibited protandry for a short time (< 3 h), whereas S. tafallae and
S. tubiflora showed a similarly short period of protogyny (Table 2).
Anthesis lasted only one day in the annual S. tafallae and 4-5 days in the
shrubby species (Table 2).

3.2. Flower morphology

S. tubiflora has tubular red flowers with a large distance between

flower entrance and nectar chamber. Stamens are exposed (Fig. 1G), but
shorter than the exserted style resulting in approach herkogamy
(Table 2; Fig. 1G). The flowers of. S. tubiflora are larger than those of
S. cruikshanksii and S. tafallae in all floral dimensions measured
(Table 3).

Salvia cruikshanksii and S. tafallae have bilabiate blue flowers. The
first species presents well-developed nectar guides on the lower corolla
lip and stamens covered by the upper corolla lip (Fig. 1E); S. tafallae has
exposed stamens (Fig. 1F). The two species significantly differ in six of
the 11 measured characteristics, among them the distance from the
flower entrance to the nectar chamber and the distance from the thecae
to the nectar chamber (Table 3). The results of the PCA indicate that the
first two main axes account for 82.2 % of the observed variance (Fig. 3).
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The first axis explains 66.6 % of the variation and has a high positive
correlation with the distances between theca and nectar cover, and be-
tween connective length and upper connective arm length. Flower
length and corolla tube length were positively correlated with the sec-
ond PCA axis confirming the clear separation between S. cruikshanksii
and S. tafallae individuals (Fig. 3A).

3.3. Floral colour

The corolla of S. tubiflora reflects strongly in the orange-red region
(600-700 nm), whereas the corollas of both S. cruikshanksii and
S. tafallae reflect strongly in the violet-blue region (400-500 nm) and in
the red region (650-700 nm). The nectar guide of S. cruikshanksii reflects
between 500 and 700 nm. UV signals were not detected in any species.
Correspondingly, the flower colour of S. tubiflora and the other two
Salvia species plotted separately in the bee colour vision model. The loci
of the colour measurements in S. cruikshanksii and S. tafallae plotted in
the blue sector of the bee hexagon and that of the nectar guide
(S. cruikshanksii) in the blue-green sector (Fig. 4). Colour loci of
S. tubiflora plotted in and around the achromatic area (central area) of
the bee hexagon. The average distance between the colour loci of the
two blue species was dr = 0.075 units, the distance between corolla and
nectar guide was 0.16 units.

3.4. Floral scent

A total of 57 compounds were detected in the floral scent of the three
Salvia species, of which 44 were identified (Table 4). The compounds
emitted were predominantly terpenes (i.e., monoterpenes and sesqui-
terpenes). Among the 9 compounds found in S. tubiflora, 3,3-dimethyl
octane and p-bisabolene represented 57.57 % of the total blend,

| ]
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Fig. 5. Floral scent traits of the studied Salvia species. Non-metric multidi-
mensional scaling (NMDS) based on semi-quantitative Bray-Curtis similarities
(stress = 0.02). S. cruikshanksii (green), S. tafallae (violet) and S. tubiflora (or-
ange). S. cruikshanksii (green), S. tafallae (violet), S. tubiflora.

Flora 330 (2025) 152788

among the 17 compounds in S. cruikshanksii, y-Terpinene and B-bour-
bonene accounted for 50.93 %, and among the 34 compounds in
S. tafallae, sabinene and an unidentified monoterpene accounted for
35.55 % (Table 4). No single compound was shared among all three
species, none was shared between S. cruikshanksii and S. tubiflora, only
two between S. cruikshanksii and S. tafallae (trans-f-ocimene, a-bour-
bonene) and one unidentified aliphatic compound between S. tafallae
and S. tubiflora. The floral bouquets were thus for 88.2 %
(S. cruikshanksii), 88.9 % (S. tubiflora) and 92.2 % (S. tafallae) specific for
the species (Fig. 5). The investigated Salvia species emitted significantly
different floral scent bouquets overall (ANOSIM: global R4 = 0.704; p <
0.001). Post-hoc comparisons between species pairs revealed relatively
high R values (Salvia cruikshanksii - S. tafallaeR = 0.93, S. cruikshanksii -
S. tubifloraR = 0.81 and S. tafallae - S. tubifloraR = 0.724) and p < 0.0001
in all combinations, indicating that the floral scents differ significantly
among all Salvia species, which is further confirmed by distinct grouping
of each species in morphospace (stress = 0.04; Fig. 5).

3.5. Nectar characteristics

Nectar volume of S. tubiflora (8.22 L) differed considerably from the
volumes found in S. cruikshanksii (0.55 pL) and S. tafallae (0.46 pL).
Similarly, the latter two species showed a higher percentage of sucrose
(33.7 and 37.7) compared to S. tubiflora (20.94) (Table 2).

3.6. Pollinators

In total, 21 species of floral visitors were observed on the flowers of
the studied Salvia species, most of them searching for nectar (Table 5).
Sixteen species were regarded as pollinators since they touched both
reproductive structures (anthers and the lower stigmatic lobe) during
their visits: two hummingbird species for Salvia tubifiora, five bee and
one fly species for S. cruikshanksii and eight bee species for S. tafallae.

3.6.1. Salvia tubifiora

Salvia tubiflora was pollinated by Rhodopis vesper vesper (Fig. 6L) and
Colibri coruscans. The pollen-loaded heads of the hummingbirds first
touched the lower stigmatic lobes of the visited flowers, before they
received the flower’s own pollen. Rhodopis vesper vesper was observed
constantly foraging for nectar thereby visiting several flowers of the
same plant in an apparently random pattern. The birds were frequent
and visited the flowers for around eight hours per day (ca. 7:30 h - ca.
15:30 h) with a peak at noon (11:00-13:00 h). During its visits, Rhodopis
vesper displayed territorial behaviour chasing competitors away. Colibri
coruscans was faster than R. vesper vesper exhibiting a typical trapliner
behaviour. The birds visited flowers at certain intervals along routes
through different patches. As they only visited the flowers in absence of
Rhodopis vesper vesper, they were less frequent and only visited few
flowers per plant (Table 5). In the dry season, when bee-flowers were not
available, bees visited S. tubiflora as nectar and pollen thieves. Centris
neffi and Agapostemon sp. made and used lateral holes in the corolla tube,
while both Agapostemon species entered the corolla tube without
touching the reproductive surfaces or collected pollen from the exserted
thecae (Fig. 61).

3.6.2. Salvia cruikshanksii and S. tafallae

Flowers of the two blue-coloured species were mainly visited by
bees; no single visit by hummingbirds was recorded. Bees usually
approached the base of the inflorescences and moved upwards visiting
several open flowers. During nectar consumption (which lasted ca. 1-4
s), they first contacted the stigma and then the thecae, thereby trans-
ferring pollen. Activity of the bees started early in the morning, between
7:00 h and 8:00 h and ceased around 16:00 h. The peak of visits varied
with the species but tended to occur between 11:00 h to 14:00 h.

Salvia cruikshanksii flowers were visited by 12 species, of which five
bee species and one bombyliid fly (Exoprosopa sp.) acted as pollinators
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Table 5
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Floral visitors recorded for the three Salvia species. p. pollinator. (p) occasional pollinator. v, visitor.?, no data. Frequency: ***high, ** moderate, * low. Resources: Co,

corolla- Ne, nectar. Po, pollen. Sj, stigmatic juice.

Floral Visitor Salvia cruik-shanksii

Salvia tafallae

Salvia tubiflora Visitation frequency Resource used

Apodiformes
Trochilidae
Colibri coruscans
Rhodopis vesper vesper
Coleoptera v v
Diptera
Bombyliidae
Exoprosopa sp P
Syrphidae v
Hymenoptera
Apidae
Apis mellifera
Anthophora tricolor
Bombus cf. coccineus
Centris neffi
Melissodes sp. P
Centris spl
Centris sp2 p
Chalepogenus calceolariae
Mesonychium garleppi
Paratetrapedia sp.
Thygater sp. v
Xylocopa viridigastra P
Halictidae
Agapostemon sp. )
Augochlora sp. (p)
Megachilidae
Megachile ecuadorius P
Lepidoptera
Sphingidae v

< vo <
=l

o

T T T T

*% Co

* Ne
ok Sj

(Fig. 6A, D-G; Table 5). Body proportions such as head size and glossa
length of these bee species matched with the flower proportions
(compare Tables 3 and 6) enabling contact with both pollen sacs and
stigma tip. The remaining visitors either collected pollen (beetles), stole
nectar by making holes on the basal side of the corolla (Centris neffi,
Fig. 6C) or inserted their tongues into the nectar chamber without
touching the reproductive organs (Thygater sp., and Sphingidae).

The flowers of Salvia tafallae were visited by 11 species, of which
only bee species were regular (6 species) or occasional pollinators (2
species; Table 5). According to their body proportions, the pollinating
bees fell into two groups (Fig. 7B): Centris neffi, Melissodes sp., Meso-
nychium garleppi and Thygater sp. introduced their proboscis into the
corolla tube and were loaded with pollen on their heads (Fig. 6H),
whereas Chalepogenus calceolariae and Paratetrapedia sp. fully intro-
duced their heads into the corolla tube and got pollen loads on their
thorax (Fig. 61, J). Drinking time lasted 1-3 s in the first and 2-6 s in the
second group. Compared to S. cruikshanksii, pollinator visits in S. tafallae
were less frequent (Fig. 7A). Apis mellifera stole nectar from the corolla
side. In contrast, Augochlora sp. and Agapostemon sp. collected pollen
and might occasionally have transferred pollen to the nearby stigma
(Fig. 1F).

Bees clustered in three different groups in the PCA based on
morphological data. The first two main axes account for 99.00 % of the
observed variance (Fig. 7B). The first axis explains 93.2 % of the vari-
ation and has a high positive correlation with distance between glossa
and maxillae length. Head height was positively correlated with the
second axis and the variation was 5.8 % (Fig. 5B). Bees that pollinated
Salvia cruikshanksii flowers are grouped together (Fig. 7B; Xylocopa not
considered). They share medium proportions of head and glossa
(Table 6, Fig. 7B), while the pollinators of S. tafallae are classified into
two groups (see Fig. 7B): a first one with medium to large heads and a
long proboscis and a second one with small heads, a small proboscis
length and small body size (Table 6, Fig. 7B).

Only three bee species visited both S. cruikshanksii and S. tafallae
(Table 5, Fig. 7A). Apis mellifera was a nectar thief in both species. Centris

neffi acted as pollinator in S. tafallee and as nectar thief in
S. cruikshanksii. Thygater sp. pollinated S. tafallae and stole nectar in
S. cruikshanksii: it released the staminal lever mechanism, but due to its
body proportions did not contact the reproductive parts and transfer
pollen.

3.7. Breeding system

The three Salvia species showed a high natural fruit (83.9-98.5 %)
and seed set per fruit (2.16-3.65; Table 7). Accordingly, total seed set
per plant was 89.9 % in S. tafallae, 58.7 % in S. tubiflora and 45.3 in
S. cruikshanksii. The highest values were found in the annual S. tafallae.
The three species also produced fruits under xenogamy (38.1-41.7 %)
and geitonogamy (33.3-80 %) conditions.

e In Salvia cruikshanksii, seed set per fruit did not significantly differ
from natural seed set in the geitonogamy test (Kruskal-Wallis test, p
= 0.81); Table 7). In contrast, the xenogamy test resulted in the
lowest values and showed a significant difference with natural fruit
set (Kruskal-Wallis test, p = 0.003). A high fruit set was observed in
the geitonogamy test and under natural conditions (80 % and 83.9
%, respectively) with seed set rates of 54 % and 54.2 %. In the
xenogamy text both values were lower with only 41.7 % fruit set and
45 % seed set per fruit (Table 7).

In Salvia tafallae, fruit set was very high under natural conditions
(98.5 %) and significantly lower in the geitonogamy and xenogamy
tests (33.3 % and 38.1 %, respectively; Table 7). A similar result was
obtained in the seed set per fruit, with high rates under natural
conditions (91.2 %), followed by the geitonogamy and xenogamy
tests (75 % and 62.5 %, respectively; Table 7).

In Salvia tubiflora, seed set per fruit showed the highest values in the
xenogamy test (81.3 %; Table 7) significantly differing from natural
fruit set (62.1 %; Kruskal-Wallis test, p = 0.048), but not from the
geitonogamy test (61.4 %; Kruskal-Wallis test, p = 0.53; Table 7).
The percentage of fruit set was highest under natural conditions
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Fig. 6. Pollinators and visitors recorded on Salvia cruikshanksii (A-G), S. tafallae (H-J) and S. tubiflora (K, L). A. Anthophora tricolor. B. Apis mellifera (nectar thief). C.
Centris neffi (nectar thief). D. Centris spl. E. Centris sp2. F. Megachile ecuadorius. G. Xylocopa viridigastra. H. Thygater sp. 1. Paratetrapedia sp. J. Chalepogenus cal-
ceolariae. K. Agapostemon sp., feeding on pollen. L. Female of Rhodopis vesper vesper.

(94.7 %), high in the geitonogamy test (78.6 %) and only moderate
in the xenogamy test (47.1 %; Table 7).

4. Discussion

Pollinator partitioning allows species to co-exist and co-flower
without affecting species integrity (Botes et al., 2008; Aguilar-Ro-
driguez et al., 2019). The latter is promoted by the existence of pre-
zygotic and postzygotic barriers reproductively isolating the species
from each other (Armbruster and Herzig, 1984; Grant, 1994). In our
study, we found that the three Salvia species investigated were isolated
from each other by a combination of ethological and mechanical bar-
riers, which act in addition to potential postzygotic barriers. Colour
(blue vs. red), scent, and general flower construction (e.g., landing place
present vs. absent) separate bee-pollinated from bird-pollinated flowers,
whereas species-specific odour bouquets and flower proportions
distinguish the bee-pollinated flowers from each other.

4.1. Pollinator shift from bees to birds

Salvia tubiflora is the only bird-pollinated species among the study
species. It significantly differs from the bee-pollinated species in flower
size, colour, scent, and nectar characteristics excluding bees mechani-
cally, olfactorily and visually. The corolla of S. tubifiora is red and, ac-
cording to the bee visual modelling, inconspicuous to bees. Since the red
stimulus is not very well perceived by bees due to their trichromatic
visual system (Chittka and Waser, 1997), the red flower colour can be
interpreted as a mechanism to avoid bees without losing attractiveness
for birds (Castellanos et al., 2004; Lunau et al., 2011; Wester et al.,
2020). Besides, the red corolla colour can reduce nectar and pollen theft
by bees via visual exclusion (Wester et al., 2020).

The olfactory sense of birds is usually considered to be relatively
unimportant though hummingbird studies showed that some species
had >50 olfactory receptors (Steiger et al., 2008) and that at least one
species responded to scent in respective experiments (Goldsmith and
Goldsmith, 1982). Consistent with the general expectation, S. tubiflora
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Morphometric data of bee species studied. a-c. see Fig. 3.2B. Mean (mm) and SD = standard deviation. n = sample size (in brackets). Proboscis length (d) = b + c.

Bee species Head height (a)

Macxillae length (b)

Glossa length (c) Proboscis length (d)

Anthophora tricolor 3.94 +0.18 (6) 2.28 £+ 0.26 (6)

Centris neffi 4.85 + 0.33 (5) 2.47 £ 0.26 (5)
Centris spl 3.67 + 0.38 (5) 2.06 + 0.52 (5)
Centris sp2 3.56 + 0.55 (5) 1.97 £ 0.15 (5)

Chalepogenus calceolariae 2.55 £+ 0.18 (6) 1.94 £+ 0.21 (6)

Megachile ecuadorius 3.66 + 0.11 (7) 2.2+ 0.09 (7)
Mesonychium garleppi 4.73 £ 0.22 (3) 2.24 +0.10 (3)
Paratetrapedia sp 2.7 + 0.06 (4) 1.9+0.2(4)
Thygater sp 3.49 £ 0.09 (6) 2.38 £ 0.11 (6)
Xylocopa viridigastra 5.21 + 0.44 (10)

Colletidae 2.96 + 0.27 (3) 2.11 £ 0.04 (3)

3.63 + 0.23 (6)
5.17 £+ 0.35 (5)
3.40 £+ 0.44 (5)
3.29 + 0.61 (5)

5.92 + 0.24 (6)
7.64 + 0.47 (5)
5.47 £ 0.11 (5)
5.26 + 0.18 (5)

2.28 £ 0.17 (6) 4.22 £ 0.2 (6)
3.49 £+ 0.46 (7) 5.7 £0.25 (7)
5.16 £ 0.06 (3) 7.4+ 0.05 (3)

2.18 £0.39 (4)
5.36 & 0.24 (6)
3.37 +£ 0.50 (10)
2.79 £ 0.52 (3)

4.08 £0.15 (4)
7.75 £ 0.17 (6)
7.06 + 0.49 (10)
4.9 £0.39 (3)

3.74 £ 0.28 (10)

emitted the lowest number of scent compounds. Only 3,3-dimethyl oc-
tane, p-bisabolene, 2,5-dimethyl nonane and an unidentified sesquiter-
pene were detected in high to moderate concentrations. These
compounds are frequently emitted by leaves and other green parts of
plant species like Eucalyptus globules, Salvia rosmarinus, Solanum melon-
gena, Verbena triphylla and Zygopetalum maxillare and they are associated
with a defensive function against herbivory (see Kessler and Baldwin,
2001; Rabeschini et al., 2021). Therefore, we think that S. tubiflora
flowers do not attract birds (or bees) using olfactory signals; instead,
they use visual signals, which they presumably associate with high
amounts of dilute nectar.

Hummingbird pollination is common among species of Salvia sub-
gen. Calosphace (e.g., Dieringer et al., 1991; Cuevas et al., 2018), with an
estimated number of 37 species in the Peruvian Andes (Cairampoma,
2021). Based on phylogenetic data (Fragoso-Martinez et al., 2018), bee-
and bird-pollinated species appear intermixed in the same clades of
Salvia subgen. Calosphace resulting in two controversial interpretations.
Whereas Kriebel et al. (2020, 2023) argued that birds were the primary
pollinators in the subgenus showing many reversals to bee-pollinated
species, other authors held the opinion that bee pollination repre-
sented the ancestral pollination system and that a pollinator shift to
birds happened several times in parallel (Wester and ClaBen-Bockhoff,
2007; Fragoso-Martinez et al., 2018; Benitez-Vieyra et al., 2019; Saza-
tornil et al., 2023). Salvia tubiflora belongs to section Biflorae which
includes four bird-pollinated species in Peru (Cairampoma, 2021). The
section seems to have evolved from a bee-pollinated ancestor since this
condition is present in early diverging species of the section (among
them S. tafallae). 1t is thus likely that the species of section Biflorae (or
their close ancestors) adapted to bird pollination due to
pollinator-driven speciation in the past.

4.2. Floral scent may contribute to pollinator constancy in bee-pollinated
Salvia species

Salvia cruikshanksii and S. tafallae share the characteristics of bee-
pollinated species in terms of having bilabiate flowers with a landing
place, blue flower colours and relatively small amounts of concentrated
nectar. Based on our study, both species were pollinated by six and eight
insect, mainly bee species. Despite flowering side by side, they do not
share a single pollinator indicating that the species differ in certain floral
traits. In contrast to birds, both visual and olfactory signals guide bees to
their food plants (Michener, 2007; Burger et al., 2008, 2010a, 2010b).
Whereas colour perception by bees has been investigated in bee- and
bird-pollinated Salvia species (Wester et al., 2020), little is known about
the specificity of floral volatiles in Salvia. To our knowledge, the present
study is the first to compare floral scent and flower colour in a field study
of Salvia flowers.

Bees are predominantly attracted by colours ranging from yellow to
blue and UV-blue (according to bee perception, e.g., Chittka and Kevan,
2005; Wester et al., 2020). They learn to discriminate similar colours in
flowers, but with smaller colour distances accuracy in flower

discrimination decreases (Dyer and Chittka, 2004). In our study, the
distance between the colour loci was below the 0.1 unit threshold
needed for good colour discrimination (Chittka and Kevan, 2005).
Therefore, it is likely that the bees cannot discriminate the blue tones of
the flowers from a distance. However, the nectar guides in
S. cruikshanksii clearly differ from the flower colour and may serve a role
in pollinator behaviour at short distances (Hansen et al., 2012; de Jager
et al., 2017).

Floral volatiles play an important role in bee-pollinated flowers
signalling foodplants (e.g., Knudsen et al., 2006; Wright and Schiestl,
2009; Burger et al., 2010a; Schiestl, 2015). In our study, the predomi-
nant compounds were mono- and sesquiterpenes in S. cruikshanksii and
monoterpenes in S. tafallae. Interestingly, each of the two bee-pollinated
species was characterized by a unique bouquet of volatiles, with distinct
compositions and percentages of the compounds.

e The dominant compounds in S. cruikshanksii were p-bourbonene and
y-terpinene followed by trans-p-ocimene and methyl benzoate. These
compounds are known (in low proportions of < 2.5 %) as flower
volatiles in other plant groups, mainly attracting Apis and Xylocopa
species (Rabeschini et al., 2021 and references therein); y-terpinene
has been found in Moringa oleifera attracting Xylocopa (Rabeschini
et al., 2021). Interestingly, one Xylocopa species (X. viridigastra) was
also present among the pollinators of S. cruikshanksii. Based on this
finding, we speculate that the principal volatiles found in
S. cruikshanksii may specifically attract species of the bee genus
Xylocopa.

Salvia tafallae emitted a more complex odour with twice as many
compounds than S. cruikshanksii. Sabinene and an unidentified
monoterpene had the highest relative concentrations in the floral
scent bouquet of S. tafallae. Sabinene is a common volatile reported
in flowers and leaves of diverse plant taxa, including several Salvia
species (see El-Sayed, 2024). Therefore, we hypothesise that this
chemical may be associated with the attraction of distinct pollinators
in relation to S. cruikshanksii.

Interspecific differences in floral scent are well-known and inter-
preted as adaptations to certain pollinators (Huber et al., 2005; Knudsen
et al., 1993; Raguso and Pichersky, 1995; Raguso et al., 2003; Jiirgens
et al., 2003). Pollinators can learn and discriminate specific scents even
when these differ only in a single compound (e.g., bees: Vareschi, 1971;
moths: Balkenius and Kelber, 2006; butterflies: Andersson, 2003). This
fits with the finding that bee-pollinated flowers usually differ only in few
recognizable floral volatiles, rather than in a wide diversity of chemicals
(Huber et al., 2005; Rabeschini et al., 2021). The specific attraction of
pollinators might be guided by innate preferences (Schiestl and Schliiter,
2009; Dotterl and Vereecken, 2010; Burger et al., 2010a, b), or by
learning (e.g., to maintain floral constancy; Waser, 1986). Since the
bouquet composition is different between Salvia cruikshanksii and
S. tafallae, it is possible that the bees use scent to distinguish the two
Salvia species. However, further work is needed to shed light on the role
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Apis mellifera
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Fig. 7. Frequency of floral visits and morphometry of bee pollinators and floral visitors. A. Main pollinators in Salvia cruikshanksii (green) and Salvia tafallae (violet)
and number of flowers visited per hour. Bars in lines indicate visitors not pollinating the flowers B. Principal component analysis (PCA) plot based on morphological

bee datasets. Bee species group in green dotted circle are pollinators of S. cruikshanksii, while bee species group in violet dotted circles are pollinators of S. tafallae. Q
Anthophora tricolor, . Centris neffi, A Centris spl, {:] Centris sp2, 3 Chalepogenus calceolariae, 83 Megachile ecuadorius, O Melissodes sp, A Mesonychium garleppi,

@ Paratetrapedia sp, ff Thygater sp.

of floral traits on pollinator attraction in Salvia, and particularly on the
role of scent in pollinator partitioning.

4.3. Pollinators and pollinator partitioning in bee-pollinated Salvia species

Compared to hummingbirds, which usually hover in front of the
flowers, bees need a landing platform. They physically manipulate the
flowers, presumably exerting strong selection pressure on floral traits
which might promote morphological convergence among species
(Benitez-Vieyra et al., 2019). Against this background, it is interesting
that the two bee-pollinated species S. cruikshanksii and S. tafallae
significantly differed in their flower proportions.

Mechanical isolation is well-known in Salvia and usually associated
with divergent use of the same pollinators (Grant and Grant, 1964;
ClaBen-Bockhoff et al., 2004; Wei et al., 2017; Celep et al., 2020; Cul-
tid-Medina et al., 2021). However, in S. cruikshanksii and S. tafallae,
specific pollen deposition on the pollinator’s body mediated by the

staminal lever mechanism is irrelevant because their distinct pollinator
spectra prevent pollinator sharing. One might assume that it is rather the
relative length of flower tube vs. proboscis and the relative size of flower
entrance vs. head size that allow or reject bees access to nectar. How-
ever, even though the floral proportions are significantly different be-
tween the two Salvia species, they do not necessarily exclude all possible
pollinators. Based on the relative proportions, the pollinators of
S. cruikshanksii could also reach the nectar in flowers of S. tafallae and
small bees could also crawl into the flower tube of S. cruikshanksii. We
therefore conclude that scent is likely the most important prezygotic
isolating factor among the bee-pollinated Salvia species investigated.
The bees found to be pollinators are solitary bees (Aguilar, 1961,
1965), which are known for their highly specialised sensory and
learning capabilities (Michener, 2007). Little is known about the ecol-
ogy of the bees from the Andean highlands as biological studies are rare
(Michener, 2007; Gonzalez and Engel, 2004; Gonzalez et al., 2004,
2006; Gonzalez and Ospina, 2008). A specific affinity for Salvia flowers
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Table 7

Pollination experiments data in Salvia cruikshanksii, S. tafallae and S. tubiflora.
Results are expressed in “Mean + SD (N)”. SD = standard deviation, n = sample
size.

Natural pollination Xenogamy Geitonogamy
S. cruikshanksii
n 112 12 15
Fruit set (%) 83.9 41.7 80
Mean seeds per flower 2.16 + 1.14 1.8 £1.06 2.17 +£1.33
Seed set per fruit (%) 54 45 54.2
S. tafallae
n 132 21 18
Fruit set (%) 98.5 38.1 33.3
Mean seeds per flower 3.65 + 0.78 2.5+ 1.43 3+1.68
Seed set per fruit (%) 91.2 62.5 75
S. tubiflora
n 94 17 14
Fruit set (%) 94.7 47.1 78.6
Mean seeds per flower 248 +1.14 3.25+1.77 2,45+ 1.44
Seed set per fruit (%) 62.1 81.3 61.4

has been observed in unrelated Andean oligolectic bees (e.g. Anthophora
walteri (Apidae), Caupolicana (Colletidae), Megachile (Megachilidae); see
Michener et al., 2003; Gonzalez and Chavez, 2004; Michener, 2007).
When they drink nectar from Salvia flowers, modified hairs in the face
allow them to collect pollen (Gonzalez and Chavez, 2004; Michener,
2007). In our study, bee species with modified hairs (Anthophora tricolor,
Megachile ecuadorius) visited Salvia cruikshanksii for nectar but may also
collect pollen to provisioning their brood cells.

As for foraging behaviour, Arroyo et al. (1982) investigated bee
communities in the Chilean Andes. They suggested that high elevation
(2700-3100 m) favours opportunistic feeding strategies and observed
that Halictidae displayed foraging constancy. We cannot confirm these
findings. Although our study was conducted at high elevation
(2900-3000 m), we found specialized anthophorid and megachilid bees,
while Halictidae showed a generalist behaviour (e.g. during the search
for nectar in Salvia tubiflora). One reason for the different findings might
be the lower latitude in Peru influencing biotic and abiotic conditions
(see Baumgartner and Roubik, 1989). These are warmer, more humid
and more biodiverse in the Peruvian than in the Chilean Andes and
impact on the high floral availability and the occurrence of other
flowering species that might be exploited by the bees (e.g. Asteraceae
species).

4.4. Pollinator behaviour influences the degree of in- vs. outbreeding

In the three studied Salvia species, the highest fruit set was achieved
under natural conditions indicating that the activity of pollinators might
increase the reproductive success. However, we acknowledge that there
might be some problems with the experiments, and therefore, our results
should be interpreted with caution. Nevertheless, we have demonstrated
that the three Salvia species are self-compatible and employ a mixed
mating system, which seems to be predominant among Salvia species
(Owens and Ubera Jiménez, 1992; van Treuren et al., 1993; Ott et al.,
2016; Cairampoma et al., 2020; Ajani et al., 2022; Naghiloo et al., 2022;
Xiao et al., 2023; Surina et al., 2024).

The bird-pollinated Salvia tubiflora and the bee-pollinated Salvia
cruikshanksii are perennial shrubs, therefore they are not as strongly
dependent on sexual reproduction as the annual S. tafallae, which has
only a single season to reproduce (Stebbins, 1950; Baker, 1959). Wiens
(1984) observed higher seed set in annuals than perennials and Wyatt
(1982) stated that in self-compatible species, small floral display sizes
could more effectively promote xenogamy. Our results confirm these
observations as the smallest plant size and floral display are associated
with the highest percentage of fruit set and seed set per fruit, and the
shortest duration of anthesis in the annual S. tafallae. However, we are
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not able to rule out that autogamy does not significantly contribute to
the higher fruit set in S. tafallae. As anthesis started in the morning with
a receptive stigma followed by pollen release, and only lasted a single
day, the whole plant was most likely multicyclic protogynous (Lloyd and
Webb, 1986). Interestingly, flowering sequence and foraging behaviour
appeared to be less relevant as all flowers of an inflorescence were
synchronised in terms of the pollen release and receptive phases.

In contrast, S. cruikshanksii displayed protandry which, at the
beginning of flowering, would promote xenogamy if bees move in an
acropetal direction (Harder et al., 2004). They got first into contact with
the stigma depositing foreign pollen and then touched the thecae
removing self pollen from the plant. However, anthesis lasted for five
days and the reproductive phases of the primary and secondary flowers
overlapped within the inflorescence, increasing opportunities for gei-
tonogamy. Compared to S. tafallae, the species appeared less adapted to
xenogamy corresponding to its perennial lifetime.

Salvia tubiflora differed from the bee-pollinated species in presenting
flowers in spikes instead of thyrses. This reduced the degree of repro-
ductive phase overlap, but, as the birds approached the inflorescence in
random patterns, geitonogamy might largely happen. Additionally, the
flowers bloomed for around four days. Though they were protogynous,
they released pollen most of the time, again potentially contributing to
geitonogamy. Self-pollination was promoted by the territorial behaviour
of the main pollinator Rhodopis vesper vesper as the bird visited several
flowers of an inflorescence during one visit (see Kalin de Arroyo, 1976;
Levin et al., 1971; Feisinger, 1978). Furthermore, R. vesper vesper
attempted to exclude other hummingbirds that might carry outcross
pollen (Feisinger, 1978). On the other hand, the trapliner behaviour of
Colibri coruscans promoted outcrossing when visiting different pop-
ulations of S. tubiflora from far distances. Due to its short visits, however,
the final impact on the seed set caused by C. coruscans might be small
compared to the active and frequent visits of R. vesper.

Though the results of our experiments are insufficient to be inter-
preted in more detail, they indicate that the three Salvia species most
likely share a mixed mating system. Such systems are highly flexible.
Whereas the combination of self-pollination with xenogamy is an
adaptation to maximize seed set, the degree of in- vs. outbreeding can be
regulated by minute changes in temporal patterns (Xiao et al., 2023).
This enables the plant to adapt to varying environmental conditions,
particularly at disturbed areas.

5. Conclusions

The three Salvia species investigated evolved specific signals which
allowed them to attract a differential subset of the available pollinator
community. Interestingly, each Salvia species exhibits the classical
characteristics of its respective bee- and bird floral syndrome (sensu
Vogel, 1954). The lack of any signs of transition and the assumed distant
relationship of the three species lead to the conclusion that the species
adapted to their types of pollinators (i.e. pollinated by bees or birds)
before they got into geographical contact.

The finding that the floral bouquets significantly differ between the
bee-pollinated S. cruikshanksii and S. tafallae opens a new dimension in
the research on Salvia. Our results indicate that sympatric Salvia species
may avoid pollinator sharing by emitting species-specific floral scents,
but future research must confirm this by experiment. Blue flower colour
can act as a general attractant for bee species and nectar guides as sig-
nals in close range of the flower. The relative proportions between
flowers and pollinators differ among partnerships but are rarely precise
enough to only allow a single bee species access to nectar. This is shown
in studies of sympatric Salvia species in which pollinators are shared and
hybridisation minimized by species-specific proportions of the staminal
lever arms (e.g., Celep et al., 2020). In our study species, the staminal
lever mechanism plays a minor role in pollinator exclusion, whereas the
specificity of floral scent together with morphometric differences and
visual signals leads to a complete partitioning of pollinators.
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The Andes represent one of the global biodiversity hotspots (Gentry,
1982; Myers et al., 2000; Pennington et al., 2010). Nevertheless, the
patterns underlying diversification are still little understood (Mutke and
Weigend, 2017). In Peru, at least 71 Salvia species occur, among them 37
hummingbird- and 22 bee-pollinated species (the remaining ones are not
clearly assignable; Cairampoma, 2021). In many places, they co-occur
(Benitez-Vieyra et al., 2019) as in our study and therefore pollinator
niche partitioning is likely to occur avoiding pollen loss and potential
hybridisation events. Future studies are needed to elucidate whether our
findings are representative of sympatric Salvia species assemblages,
whether scent specificity is common in the genus and how far it is a key
for floral isolation in co-existing Salvia species.
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