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Abstract. The pollination syndromes have been widely used to predict effective pollinators of plant spe-
cies and provide the mechanistic explanation of floral diversity. However, in recent years, the predictive
applicability of pollination syndromes has been frequently questioned. The accuracy of the syndromes
among the closely related plant species may vary temporally and spatially. This suggests the need for the
standardized, comprehensive evaluation of factors influencing the matching of a pollination syndrome of a
plant species to the predominant pollinator community. We studied the pollination biology of three geo-
graphically/phenologically isolated alpine gingers (Roscoea auriculata, Roscoea capitata, and Roscoea tumjen-
sis) exhibiting the correlated suites of floral traits that suggest long-tongued insects as major pollinators, to
test for the predictive power of the respective pollination syndrome. We also tested if geographical and
temporal isolation affects interspecies breeding system and extent of pollinator generalization. We demon-
strate that the three Roscoea species are self-compatible but lack autonomous selfing, and thus completely
rely on pollinators for pollination success. Five years of observations demonstrate that only diurnal insect
visitors foraged on the flowers of the three Roscoea species. Estimates of the pollinator importance (pollen
deposition) of the observed floral visitors indicate that morphologically mismatched bumblebees con-
tribute more than 90% of pollination service in all the three Roscoea species, while long-tongued butterflies
and moths function as nectar robbers. We found that geographical isolation and temporal variation in
flowering period does not affect the breeding system and pollinator generalization in the three Roscoea spe-
cies. The three geographically and phenologically isolated Himalayan Roscoea spp., with long-tongued
insect pollination syndrome, exhibit generalized pollination system and primarily rely on the morphologi-
cally mismatched Bombus species for pollination success. While, for three Roscoea spp., our result suggests
that pollination syndromes are a weak predictor of efficient contemporary pollinator community, it also
substantiates the role of non-pollinator agents for the evolution of floral traits. The evolution of Bombus pol-
lination in these alpine gingers suggests how the mismatch between plant and pollinator phenology can
lead to the emergence of novel reproductive strategies among the congeners, which ultimately seems to
play a key role for the speciation and diversification of the genus Roscoea in the Himalayas.
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INTRODUCTION

Ecologically functional phenotypes are fre-
quently complex and are dependent on coordi-
nated and correlated expression of multiple
individual traits. Such complex phenotypes are
usually characterized by high phenotypic inte-
gration of the respective component traits (Pigli-
ucci 2003). Such trait correlations can become so
characteristic that they have been categorized
into ecological syndromes. For example, plant
defense syndromes have been conceptualized as
suites of covarying defensive traits in plants,
whose correlated evolution can result from close
association with specific ecological interactions
(e.g., certain specific types of herbivores; Agra-
wal and Fishbein 2006). Probably the most
widely used syndrome characterization is that of
pollination syndromes, which describe highly
correlated floral traits, whose coordinated
expression is associated with specific groups of
pollinators (e.g., insects, birds, mammals; Fenster
et al. 2004), and which underlie the complexity
and diversity of floral traits.

The remarkable diversity in floral traits of ani-
mal pollinated plants is one of the intriguing
phenomena studied by evolutionary biologists
since Darwin’s pioneering studies (Karron et al.
2012). Although the evolution of floral traits in
angiosperms may also be influenced by selection
exerted by antagonists, abiotic factors, and ran-
dom processes, pollinator-mediated selection has
been considered as one of the key evolutionary
forces that promotes tremendous diversities in
floral forms among flowering plants (Stebbins
1970, Johnson and Steiner 2000, Fenster et al.
2004, Parachnowitsch and Kessler 2010). Thus,
floral traits of angiosperms such as phenology,
display size, length of corolla tube, reward, color
signal, and odor perception are evolved in accor-
dance with the preference of most frequent and
effective pollinators forming an array of pollina-
tion syndromes (Darwin 1862, Faegri and van
der Pijl 1979, Fenster et al. 2004). Since Darwin’s
(1862) prediction of long-nectar-spur “Malagasy
star orchid (Angraecum sesquipedale)” pollinated
by the long-proboscid moth, pollination syn-
drome hypothesis has been widely used to pre-
dict the potential pollinator of many plant
species (Ollerton et al. 2009, Armbruster et al.
2011, Johnson 2013). Indeed, several studies have

shown that in many plant species, the floral syn-
dromes indicate their specific pollinators (Gold-
blatt and Manning 2000, Fenster et al. 2004,
Pauw 2006, Danieli-Silva et al. 2012, Paudel et al.
2015). However, the plant–pollinator interactions
at the community level frequently indicate gener-
alized pollination systems in a majority of plants.
Thus, the central theme of pollination syndrome
hypothesis, the evolution of floral traits primarily
through the interaction with the specialized pol-
linators, has been questioned by several authors
(Waser et al. 1996, Gomez and Zamora 1999,
Ollerton et al. 2009, Rosas-Guerrero et al. 2014,
Kuriakose et al. 2018, 2019). Some authors have
suggested that pollination syndromes are not
reliable to predict the potential pollinators (Hing-
ston and McQuillan 2000, Hargreaves et al. 2004,
Zhang et al. 2005, Paudel et al. 2017, Kuriakose
et al. 2018, 2019). The mounting evidence sug-
gests that plant species with specific pollination
syndromes are often pollinated by several types
of floral visitors, and in some cases, the contribu-
tion of generalized pollinators outweighs the
contribution of pollinators predicted by the floral
syndromes (Waser et al. 1996, Fleming et al.
2001, Mayfield et al. 2001). For example, flowers
of Ipomopsis aggregata exhibit hummingbird syn-
drome, but queens of the bumblebee Bombus
appositus are the most common visitors to the
flowers and deposit pollen more efficiently
(Mayfield et al. 2001). Similarly, various species
of cacti in the Sonoran Desert display bat pollina-
tion syndrome, but hummingbirds, woodpeck-
ers, and finches are found as the effective
pollinators (Fleming et al. 2001).
A general consensus that arose from this

debate suggests a need of comprehensive study
on the pollination biology of related plant spe-
cies, to evaluate the reliability of pollination syn-
drome concept (Herrera 1987, Li and Huang
2009, Reynolds et al. 2009, Kuriakose et al. 2019).
The selection pressure exerted by a floral visitor
primarily depends on its behavior and frequency
of visit (Sinu and Shivanna 2007a, b). Thus, each
potential visitor affects fitness differently
(Fumero-Caban and Melendez-Ackerman 2007).
Estimation of pollinator importance is a proxy to
determine an effective pollinator of a plant spe-
cies, as it denotes the overall contribution made
by a visitor to a plant for its reproductive success
(Fumero-Caban and Melendez-Ackerman 2007,
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Nѐeman et al. 2010, Liu and Huang 2013). This
index of pollination effectiveness indicates the
rate of pollen grains deposited by a pollinator on
a virgin stigma. Thus, a statistical comparison of
the pollinator importance among the different
floral visitors enables to identify the effective pol-
linator of a plant species and to test the reliability
of pollination syndromes.

The little-studied genus Roscoea is a Himalayan
endemic alpine member of the primarily tropical
family Zingiberaceae (Cowley 2007). Plants of
this genus grow between 1200 m and 4880 m
a.s.l. from Kashmir in the west through the
Himalayas in Nepal, India, Bhutan, and south-
west China (Cowley 1982, 2007). It has two dis-
junct lineages (Himalayan and North-Indo-
Chinese) whereby the Brahmaputra River likely
acts as a topographic barrier between the two
groups (Cowley 2007, Zhao et al. 2016). Most of
the Roscoea species exhibit floral traits commonly
associated with the long-tongued fly pollination
syndromes such as absence of discernible fra-
grance, presence of nectar as a reward, elongated
reproductive organs situated away from the nec-
tar source, and long corolla tube that shows com-
patible match with the tongue length of long-
tongued insects (Goldblatt and Manning 2000,
Cowley 2007). In accordance with the pollination
syndrome, one of the Himalayan Roscoea species
(R. purpurea) exhibits obligate specialized polli-
nation with a long-tongued fly (Philoliche lon-
girostris; Paudel et al. 2015). However, studies on
the reproductive biology of other Roscoea species
either in the Himalayas or in the Indo-Chinese
region did not find any long-tongued insects as
the effective pollinators (Zhang and Li 2008,
Zhang et al. 2010, Fan and Li 2012, Paudel et al.
2017). These contrasting findings necessitate
additional studies to address the question of
whether the Himalayan Roscoea species exhibit
specialized pollination system as reflected by
their floral morphology or undergo adaptive
evolution toward the local guilds of pollinator
communities.

In this study, we evaluate the predictive
power of pollination syndrome in three Hima-
layan Roscoea species (R. auriculata, R. capitata,
and R. tumjensis). These three Roscoea species
have an entirely non-overlapping distribution
but have partially overlapped flowering phe-
nology. Nonetheless, they exhibit the suite of

floral traits that is consistent with that of
R. purpurea. In geographically isolated popu-
lations, due to limited gene flow, plant species
are likely to experience either divergence in
floral traits associated with shift in pollination
system (Grant and Grant 1965, Grant 1992) or
convergence in floral traits driven by an adap-
tation to a common pollinator type (Fenster
et al. 2004, Anderson and Johnson 2009). Thus,
the three Roscoea species offer an ideal setting
to assess if geographical isolation acts as a
driving force for the convergent/divergent
evolution of floral traits and pollination sys-
tem in closely related plant species. Here, we
focused (1) to study the breeding system of
three allopatric Himalayan Roscoea species
(R. auriculata, R. capitata, and R. tumjensis); (2)
to test if the suites of floral traits in these
alpine gingers correspond to the predicted
specialization toward long-tongued insects;
and (3) to test if geographic isolation and tem-
poral variation in flowering period affect the
interspecies breeding system, among the three
alpine gingers.

MATERIALS AND METHODS

Study species
Three Himalayan Roscoea spp. (R. auriculata,

R. capitata, and R. tumjensis) that have non-over-
lapping geographical distribution (Fig. 1;
Appendix S1: Table S1) are considered under the
current study. All of these species are perennial
herbs and flower sequentially from May to
September (Fig. 2). Among them, R. auriculata
has a wide distribution range in the eastern
Himalaya (east of Nepal to India and Bhutan) in
between the elevations of 2130–4880 m and
grows on open rocky ground with deep purple
or occasionally white flowers. Roscoea capitata
and R. tumjensis are endemic to Nepal. Among
Roscoea, R. capitata is the species growing at the
lowest elevations in the Himalayan Mountains,
between 1200 and 2600 m. It has purple flowers,
whereas R. tumjensis has pale lilac, lilac-blue, or
bright purple flowers and mostly grows on the
open meadows and under the canopy of Pinus
and Rhododendron forests, between the elevations
of 2014 and 3050 m (Cowley 1982, 2007).
Detailed floral phenology of the three Roscoea
species is provided in Fig. 2.
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Fig. 1. The entire distribution range of three Himalayan Roscoea species (R. auriculata, R. capitata, and R. tum-
jensis) and the entire distribution of R. purpurea.

Fig. 2. Flowering phenology of three Roscoea species (R. auriculata, R. capitata, and R. tumjensis) and R. pur-
purea.
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Study sites
We observed the natural history of the three

Roscoea species at six populations across the
Nepalese Himalayas, with two populations for
each species (Fig. 1; Appendix S1: Table S1). We
performed the detailed study on pollinator effi-
ciencies at three populations, one population for
each species (Fig. 1; Appendix S1: Table S1). The
natural population of R. auriculata was studied
at Lukla (86°43059.7″, 27°41012.8″, 2871 m), east-
ern Nepal, where it grows in Rhododendron forest
habitats. This site experiences subalpine climate
with cool winter and heavy snowfall from
November to February. The population of R. cap-
itata was studied at Thulo Bharkhu (28°7049.3″,
85°18053.3″, 1887 m), near Dhunche (Rasuwa).
The vegetation at this site mainly comprises
Pinus–Alnus forest. This site experiences temper-
ate climate with warm summer and cool winter.
The population of R. tumjensis was studied at
Daman (27°36032.8″, 85°5036.6″, 2334 m), central
Nepal. Vegetation at this site is dominated by
mixed forests of Pinus, Quercus, and Rhododen-
dron. This site experiences temperate-to-sub-
alpine climate with warm summer and cool
winter.

Floral biology
We studied the floral biology of the three Ros-

coea species, from May to August, for five consec-
utive years (2013–2017) at their respective sites
(Fig. 1). We recorded the time of anthesis, anther
dehiscence, and stigma receptivity by direct
observation. Floral longevity, the time interval
from the day of anthesis until wilting of the
flower, was also recorded by direct observation.
We measured a total of 21 floral traits (Table 1)
from the freshly opened flowers of the three Ros-
coea species following the method of Paudel et al.
(2015, 2017), with 20 replicates for each species
and study year. Floral traits within a species did
not differ among the years (one-way ANOVA,
P > 0.05). Thus, floral traits of a species from all
the studied years were pooled together for fur-
ther analysis. We used a one-way ANOVA fol-
lowed by Tukey honestly significant difference
procedure (HSD) to analyze the difference in flo-
ral traits among the three species (Table 1).

The evolution of floral traits in related plant
species may be structured by gene flow or com-
mon descendent so that populations with

geographic proximity will have similar trait val-
ues (Pauw et al. 2009, Newman et al. 2014).
Thus, the floral traits of the three Roscoea species
were further analyzed using a Mantel test with
9999 permutations in the ade4 package of version
R3.4.3 (R Core Team 2017). The non-significant
or negative correlation between pairwise geo-
graphical distance or altitudinal distance and
pairwise trait variation signifies that traits values
are the outcome of independent evolution rather
than common descendent or gene flow across
sites (Pauw et al. 2009, Newman et al. 2014, Pau-
del et al. 2016).

Breeding system
We conducted six types of pollination treat-

ments, to understand the natural breeding sys-
tem of the three Himalayan Roscoea species
(detailed experimental procedure in
Appendix S1: Method S1). Fruits were individu-
ally collected after about 30 d, and the percent-
age of fruit set and seed number per fruit of each
treatment were recorded as a function of the
above treatments.
To test the effect of self-crossing vs. outcross-

ing and to estimate the self-compatibility in the
three Himalayan Roscoea species, fruit set per-
centage and seed number per fruit between
hand-self-pollinated and hand-cross-pollinated
flowers were analyzed using generalized linear
models (GLMs) with binomial (for fruit set) and
Poisson distribution (for seed set) of errors. To
test if fruit and seed set in three Himalayan Ros-
coea species are affected by pollen limitation, dif-
ferences in fruit set and seed set between natural
and supplemental pollination were analyzed
using GLMs with the binomial and Poisson dis-
tribution of errors, respectively.

Observation of floral visitors
To characterize the pollinator communities of

the three Himalayan Roscoea species, two obser-
vation plots (10 9 10 m) were laid down at the
respective sites when plants were densely flower-
ing. The observations were made for five consec-
utive years (2013–2017) and repeated after the
gap of two years (2019). At each plot, we
observed all types of floral visitors for a total of
24 h for diurnal visitors and 4 h for nocturnal
visitors, so that, in a population, we made a total
of 48 h of observation for diurnal visitors and
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8 h of observation for nocturnal visitors. For
diurnal visitors, observations were made contin-
uously for 4 h with three observation periods
(7:00–11:00, 11:00–15:00, and 15:00–19:00 hours)
per day. For nocturnal visitors, observations were
made from 20:00 to 22:00 hours. Foraging behav-
ior (legitimate or illegitimate) of all the visitors
was recorded by direct observation. A visit was
considered legitimate if a visitor’s body had
come in contact with the reproductive parts and
ultimately transferred pollen grains to the
stigma. To estimate the visitation frequency, we
counted the number of flowers within the obser-
vational plot and total numbers of visit/hour, to a
flower, by a visitor type. Visitation frequency of
each type of visitor was calculated in terms of the
number of visit per flower per hour. To analyze
the variation in visitation frequencies of all the
floral visitors within a plant species, we used a
two-way ANOVA, with floral visitor types and
years as fixed factors, followed by Tukey HSD.
We also measured the tongue length of the

respective floral visitor, and the tongue length
compatibility was compared with the corolla
tube length. The assessment of the match
between the floral traits and pollinator traits pro-
vides an important insight in evaluating the
hypothesis of pollination syndromes (Anderson
et al. 2010).

Pollination efficiency
We calculated the pollination efficiency of a

visitor type by counting the number of pollen
grains deposited on a virgin stigma during a
single foraging bout, following the method of
Inouye et al. (1994), Nѐeman et al. (2010), and
Paudel et al. (2015; detailed experimental proce-
dure in Appendix S1: Method S2). We con-
ducted the experiments, at the same site, for two
consecutive years to test if the pollination effi-
ciency of a visitor to a plant species varies by
year. We used a two-way ANOVA (with visitor
types and years as fixed factors) followed by
Tukey HSD to examine the differences in

Table 1. Mean (� standard error) values of 21 floral traits of three Himalayan Roscoea species.

Floral traits R. auriculata R. capitata R. tumjensis F P

Advertising traits
Flower per inflorescence (No.) 4.3 � 0.26 45.3 � 2.09 4.9 � 0.29 365.561 0.000
Time of anthesis 07:00–08:00 hours 07:00–08:00 hours 07:00–08:00 hours 2.799 0.069
Floral longevity (d) 4.15 � 0.19 4.65 � 0.18 4.2 � 0.22 1.867 0.164
Labellum width (mm) 29.3 � 0.92 19.25 � 0.41 23.75 � 0.36 64.82 0.000
Labellum length (mm) 44.05 � 1.13 33.4 � 0.67 38.35 � 0.57 41.074 0.000
Floral diameter (mm) 55.85 � 1.56 41.1 � 0.57 43.2 � 0.5 63.137 0.000
Floral display area (mm2) 1657.9 � 96.63 791.3 � 20.7 1026.4 � 20.88 59.052 0.000
Lateral petal length (mm) 31.4 � 0.59 25.45 � 0.47 31.8 � 0.59 40.903 0.000
Dorsal petal length (mm) 33.05 � 0.63 23.45 � 0.46 22.15 � 0.44 129.318 0.000
Dorsal petal breadth (mm) 15.4 � 0.73 6.15 � 0.19 6.65 � 0.18 133.037 0.000
Staminodes length (mm) 19.65 � 0.43 30.15 � 0.56 33 � 0.57 175.5 0.000
Staminodes breadth (mm) 7.4 � 0.18 5.85 � 0.16 12.15 � 0.49 105.992 0.000

Mechanical traits
Corolla tube length (mm) 85.05 � 2 39.85 � 0.65 77.2 � 1.59 251.424 0.000
Nectar level in corolla tube (mm) 73.5 � 1.92 30 � 0.75 58.95 � 1.63 211.422 0.000
Nectar accessible distance (mm) 11.5 � 0.23 9.85 � 0.46 18.25 � 0.37 142.986 0.000
Length of staminal appendages (mm) 6.35 � 0.18 6.0 � 0.21 5.40 � 0.15 6.687 0.002

Functional traits
Anther length (mm) 7.05 � 0.21 6.65 � 0.2 8.55 � 0.21 22.672 0.000
Ovary length (mm) 19.65 � 0.64 6.6 � 0.18 17.35 � 0.56 188.225 0.000
Anther–stigma distance (mm) 2.05 � 0.16 2.3 � 0.1 2.95 � 0.13 11.133 0.000
Pollen number/flower (No.) 12086.25 � 651.2 13090.25 � 680.41 17372 � 821.03 15.143 0.000
Ovule/flower (No.) 43.35 � 1.07 35.2 � 1.38 45.95 � 2.11 12.492 0.000
Pollen–ovule ratio 281.96 � 17.54 392.16 � 33.04 390.09 � 23.45 6.113 0.004

Notes: Differences in floral traits among the three Roscoea species were analyzed by a one-way ANOVA (N = 20). All the flo-
ral traits, except time of anthesis and floral longevity (shown in boldface), differed at P < 0.01, among the three species.

 ❖ www.esajournals.org 6 November 2019 ❖ Volume 10(11) ❖ Article e02943

PAUDEL ET AL.



pollinator importance of the visitor types within
a plant species.

RESULTS

Floral biology
Blooming times between R. tumjensis (early

flowering) and R. capitata (late flowering) do not
overlap, whereas R. auriculata blooms intermedi-
ate from May to August, overlapping with the
other two species at the beginning and the end of
the flowering period, respectively (Fig. 2).
Anthesis in the three Roscoea species occurred in
the early morning (before 08:00 hours), and syn-
chronously anthers became ready to dehisce and
stigma became receptive. The flowers were
receptive from the day of anthesis until wilting.
Thus, all three Roscoea species showed blooming
patterns consistent with diurnal pollination. All
the floral traits, except anthesis time and floral

longevity, differed among the three Roscoea spe-
cies (one-way ANOVA, P < 0.001; Table 1). The
Mantel test indicates a strong correlation of floral
traits, except floral longevity (Table 2), either
with the altitude or with the geographical posi-
tion.

Breeding system
Neither bagged emasculated flowers nor

bagged control flowers of all three Roscoea spe-
cies set fruit. These results suggest the absence of
apomixis and autonomous selfing. We found that
natural (control flowers exposed to the pollina-
tors) and artificially pollinated flowers (hand-
cross-pollinated, hand-self-pollinated, and sup-
plemented) of the three Roscoea species set fruit.
Thus, our results suggest that R. auriculata,
R. capitata, and R. tumjensis are self-compatible
but dependent on pollinators for reproductive
success.

Table 2. Relationship of floral traits of three Roscoea species with elevation and geographic distance.

Floral traits

Relation with elevational
distance

Relation with geographic
distance

Observed R2 P value Observed R2 P value

Advertising traits
Flower per inflorescence (No.) 0.6073 <0.001 0.1896 <0.001
Floral longevity (d) �0.0096 0.5982 �0.0087 0.5593
Labellum width (mm) 0.5947 <0.001 0.4929 <0.001
Labellum length (mm) 0.4807 <0.001 0.3959 <0.001
Floral diameter (mm) 0.5268 <0.001 0.5954 <0.001
Floral display area (mm2) 0.5496 <0.001 0.5546 <0.001
Lateral petal length (mm) 0.3406 <0.001 0.1227 <0.001
Dorsal petal length (mm) 0.5973 <0.001 0.7759 <0.001
Dorsal petal breadth (mm) 0.6349 <0.001 0.7593 <0.001
Staminodes length (mm) 0.6161 <0.001 0.8295 <0.001
Staminodes breadth (mm) 0.1042 0.003 0.1857 <0.001

Mechanical traits
Corolla tube length (mm) 0.7118 <0.001 0.3453 <0.001
Nectar level in corolla tube (mm) 0.7817 <0.001 0.4858 <0.001
Nectar accessible distance (mm) 0.1177 0.0023 0.2252 0.0031
Length of staminal appendages (mm) 0.0589 0.0416 0.8757 0.0127

Functional traits
Anther length (mm) 0.3041 0.0146 0.0701 0.0206
Ovary length (mm) 0.6946 <0.001 0.3438 <0.001
Anther–stigma distance (mm) 0.054 0.045 0.1453 <0.001
Pollen number/flower (No.) 0.1694 0.0386 0.1004 0.0112
Ovule number/flower (No.) 0.0745 0.0144 0.1334 0.0294
Pollen–ovule ratio 0.0787 0.0167 0.0553 0.0076

Notes: The relationships were non-significant only for floral longevity (shown in boldface), while for the rest of the traits, the
relationships were significant, indicating that the evolution of the floral traits in the three Himalayan Roscoea species (except flo-
ral longevity) is primarily related to several abiotic factors including altitude and geographic proximity among the study sites.
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The percentage of fruit set in hand-self-polli-
nated and hand-cross-pollinated flowers of the
three Roscoea species did not differ between the
pollination treatments, years, and year–treatment
interactions (P > 0.05; Appendix S1: Table S2).
Similarly, seed number per fruit, in all the three
Roscoea species, did not differ for pollination
treatment, years, and year–treatment interaction
in hand-self-pollinated and hand-cross-polli-
nated flowers (P > 0.05; Appendix S1: Table S2).
These results further support that the three
Roscoea species are fully self-compatible
(Appendix S1: Fig. S1).

The fruit set resulting from either natural or
supplementary pollination in the three Roscoea
species did not differ between years (P > 0.05;
Appendix S1: Table S3). However, the two polli-
nation treatments resulted in different fruit set
(P < 0.001; Appendix S1: Table S3). We found
that in all the three Roscoea species, the percent-
age of fruit set in naturally pollinated flowers
was substantially lower than that of fruit set in
supplemental pollinated flowers (Appendix S1:
Fig. S2). Similarly, the seed number per fruit did
not vary with the year (P > 0.05; Appendix S1:
Table S3) but differed between the treatments
(natural vs. supplementary pollination; P < 0.05;
Appendix S1: Table S3). In all the three Roscoea
species, the seed number per fruit in supple-
mented pollination is substantially higher than in
natural pollination. These results indicate that
natural fruit and seed set in all three species are
affected by pollen limitation (Appendix S1:
Fig. S2).

Observation of floral visitors
In our observations, we did not find any spa-

tial variation in the pollinator composition of the
three Roscoea species. Our five years of field
observations during the peak blooming period of
the three Roscoea species across their respective
distribution sites in the Himalayas (Fig. 1)
demonstrate that two Bombus species (B. haemor-
rhoidalis and B. tanguticus) and a butterfly (Pach-
liopta aristolochiae) actively visited the flowers of
R. auriculata (Fig. 3d–f). The flowers of R. capi-
tata were visited by a bumblebee (B. haemor-
rhoidalis) and a moth (Macroglossum nycteris;
Fig. 3g, h). Similarly, two bumblebee species
(Bombus flavescens and B. haemorrhoidalis) and a
moth (M. nycteris) were found actively visiting

the flowers of R. tumjensis (Fig. 3h–j). However,
in our observation, we did not find any nocturnal
visitors to forage on the flowers of the three Ros-
coea species.
We found that the tongue length of the floral

visitors did not match with the corolla tube
length of the three Roscoea spp. The average ton-
gue length of all the visitors was shorter than the
average corolla tube length of the three Roscoea
spp. (Appendix S1: Fig. S3). The tongue length of
a moth (M. nycteris) was long enough to reach
the nectar, while the tongue length of Bombus
species did not seem to be long enough to reach
the nectar (Table 1; Appendix S1: Fig. S3).

Visitation frequency
Visitation frequencies of floral visitors of

R. auriculata (B. haemorrhoidalis, B. tanguticus,
and P. aristolochiae) did not differ between the
years but differed for the visitor species
(P < 0.005; Appendix S1: Table S4). Visitations
by the butterfly species were very low, com-
pared to the two bumblebee species (Fig. 4a),
while the visitation frequency between the two
bumblebee species did not differ (Tukey HSD
test, P > 0.05). Visitation frequencies of the floral
visitors of R. capitata (B. haemorrhoidalis and
M. nycteris) did not differ between the years
(P > 0.05; Appendix S1: Table S5) but differed
between the visitors (P < 0.001; Appendix S1:
Table S5), where the visitation frequency of
M. nycteris was higher than that of B. haemor-
rhoidalis (Fig. 4b). The visitation frequencies of
the floral visitors of R. tumjensis did not differ
between the years (P > 0.05; Appendix S1:
Table S6) but differed among the three pollina-
tor species (B. flavescens, B. haemorrhoidalis, and
M. nycteris, P < 0.001; Appendix S1: Table S6).
However, visitation frequencies between two
bumblebee species (B. flavescens and B. haemor-
rhoidalis) did not differ (post hoc test, Tukey
HSD, P > 0.05). Among the three floral visitors
of R. tumjensis, B. flavescens had least visitation
frequency, while M. nycteris had the highest visi-
tation frequency (Fig. 4c). Among all the floral
visitors of the three Roscoea species, visitation
frequency of the butterfly species (P. aris-
tolochiae) to the flowers of R. auriculata was least,
while visitation frequency of the moth species
(M. nycteris) toward the flowers of R. tumjensis
was highest (Fig. 4a–c).
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Pollination efficiency
The number of pollen grains deposited on a

virgin stigma of R. auriculata differed among the
three major visitors (B. haemorrhoidalis,
B. tanguticus, and P. aristolochiae, P < 0.001;
Appendix S1: Table S4) but did not vary with the
year (P > 0.05; Appendix S1: Table S4). We found
B. haemorrhoidalis as the most efficient pollinator
as it deposited the highest number of pollen
grains on virgin stigmas. Bombus tanguticus,
although this bumblebee species mainly forages
the flower through the edge of the corolla tube
for nectar robbing and also contributes to pollen
deposition during its occasional attempts to sip
nectar through the mouth of the corolla tube,
while the butterfly did not deposit any pollen
grains on R. auriculata (Fig. 4d).

As in R. auriculata, the number of pollen grains
deposited on R. capitata and R. tumjensis stig-
mata varied with the floral visitors (P < 0.001;
Appendix S1: Tables S5, S6) but did not differ
between the years (P > 0.05; Appendix S1: Tables
S5, S6). For R. capitata, pollen deposition by the
bumblebee, B. haemorrhoidalis, was far greater

than that by a moth (M. nycteris; Fig. 4e). Among
the three visitors of R. tumjensis, B. haemor-
rhoidalis deposited the highest number of pollen
grains followed by B. flavescens (the number of
pollen grains deposited by two bumblebees also
differed, post hoc Tukey HSD, P < 0.05), while
M. nycteris deposited extremely low numbers of
pollen grains during individual foraging bouts
(Fig. 4f). Among all the floral visitors of the three
Roscoea species, B. haemorrhoidalis deposited the
highest number of pollen grains on the flowers of
R. tumjensis followed by B. haemorrhoidalis on the
flowers of R. auriculata. The moth species
(M. nycteris) deposited the least numbers of pol-
len grains in the flowers of R. capitata, while the
butterfly (P. aristolochiae) did not deposit any pol-
len grains to the flowers of R. auriculata (Fig. 4d–
f). Our data revealed that in all the three Roscoea
species, Bombus species contribute more than
90% of the pollination service. This suggests that
the three Roscoea species primarily rely on
Bombus species for effective pollination, with
B. haemorrhoidalis as the common and most effi-
cient pollinator.

Fig. 3. Three Himalayan Roscoea species and their floral visitors. (a), (b), and (c) respectively represent the
flowering individuals of R. auriculata, R. capitata, and R. tumjensis at their natural habitats. (d–f) Floral visitors of
R. auriculata; (d) a butterfly (Pachliopta aristolochiae), (e) Bombus haemorrhoidalis, and (f) Bombus tanguticus. (g, h)
Floral visitors of R. capitata; (g) B. haemorrhoidalis and (h) a moth (Macroglossum nycteris). (h–j) Floral visitors of
R. tumjensis; (h) M. nycteris, (i) Bombus flavescens, and (j) B. haemorrhoidalis. Bombus haemorrhoidalis (e, g, and j) is
the common visitor and most effective pollinator of the three Roscoea species. A moth (M. nycteris; h) is the com-
mon visitor (nectar robber) of R. capitata and R. tumjensis.
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DISCUSSION

Pollination syndromes and generalization
Roscoea species show typical long-tongued fly

pollination syndrome such as zygomorphic
flowers with wide labellum as a landing plat-
form for its pollinators, long corolla tube with
nectar, absence of discernible fragrance, elon-
gated anther, and stigma situated away from
the source of nectar (Zhang et al. 2010, Fan and
Li 2012, Paudel et al. 2015, 2017). Indeed, evi-
dences such as historical observations (Fletcher

and Son 1931, Dierl 1968) and recent findings
(Paudel et al. 2015, 2016) from R. purpurea cou-
pled with phylogenetic data (Ngamriabsakul
et al. 2000, Zhao et al. 2016) suggest that a long-
tongued fly (P. longirostris) could be the princi-
pal pollinator of Roscoea species, at least in the
Nepalese Himalayas. This fly is the only species
of long-tongued flies existing in the Himalayas
(Goldblatt and Manning 2000) and is an exclu-
sive specialized pollinator of R. purpurea, one of
the widespread Himalayan Roscoea species
(Cowley 2007, Paudel et al. 2015, Zhao et al.

Fig. 4. Visitation frequencies and pollinator importance of floral visitors of three Himalayan Roscoea species.
(a–c) Variation in visitation frequencies (No. of visits/flower/hour) and (d–e) variation in pollinator importance
(no. of pollen grains deposited on a virgin stigma during a single visit of a visitor), among the floral visitors of
the three Himalayan Roscoea species. Pollinator importance of a pollinator estimates the expected number of pol-
len grains a visitor would deposit on a virgin stigma during its single foraging bout and is considered a proxy to
define pollinator specialization. (a–c) Visitation frequencies of floral visitors of Roscoea auriculata, Roscoea capitata,
and Roscoea tumjensis, respectively. (d–f) Pollinator importance of floral visitors of R. auriculata, R. capitata, and
R. tumjensis, respectively. An asterisk mark in the figure indicates zero value. Symbols (A–H) in x-axis represent
the floral visitors of three Roscoea spp. (A–C) Floral visitors of R. auriculata. (A) Bombus haemorrhoidalis; (B) Bom-
bus tanguticus; and (C) Pachliopta aristolochiae. (D and E) Floral visitors of R. capitata. (D) B. haemorrhoidalis; (E)
Macroglossum nycteris. (F–H) Floral visitors of R. tumjensis. (F) B. haemorrhoidalis; (G) Bombus flavescens; and (H)
M. nycteris.
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2016). Thus, we anticipated that the three Hima-
layan Roscoea species (R. auriculata, R. capitata,
and R. tumjensis), having overlapped distribu-
tion and/or flowering phenology with R. pur-
purea, also exhibit specialized pollination
mutualism with long-tongued flies, at least
within the overlapped populations. However, in
our extensive observation during the entire
blooming period (Fig. 2), over the last five years
(2013–2017), we never witnessed the fly (P. lon-
girostris) visiting the flowers of these three Ros-
coea species. Consistent with our current
finding, another Himalayan Roscoea species
(R. alpina; Paudel et al. 2017) and all the cur-
rently studied North-Indo-Chinese Roscoea spp.
lack long-tongued flies as the pollinators (Zhang
and Li 2008, Zhang et al. 2010, Fan and Li
2012), despite expressing the long-tongued fly
pollination syndrome.

In accordance with the apparent (long-tongue)
pollination syndrome, other long-tongued insects
such as butterflies and moths visit the flowers of
the three Roscoea species in this study. However,
our quantifications of pollen deposition and rela-
tive pollinator importance suggest that these two
groups of insects (butterfly and moth) function
as nectar robbers rather than pollinators. They
make no or very negligible contribution to the
pollination of the three Himalayan Roscoea spe-
cies. On the other hand, Bombus species, despite
an apparent mismatch between the corolla tube
length and tongue length (Appendix S1: Fig. S3),
offer more than 90% of the pollination services to
the three Roscoea species. Moreover, our observa-
tions indicate that almost all the foraging bouts
of Bombus species occurring through the entrance
of the corolla tube (i.e., except the visits of
B. tanguticus occurring through the edge of the
corolla tube) comprised successful pollination
events. Thus, based on these results, we conclude
that the three Roscoea species, despite apparent
long-tongued fly pollination syndromes, exhibit
generalized pollination system and primarily
rely on Bombus species for successful pollination.
Our results reveal that the three Roscoea species,
despite the fact that they are not geographically
overlapping (Fig. 1) and their peak blooming
times are clearly separated (Fig. 2), are effec-
tively pollinated by B. haemorrhoidalis across all
the sites and years. Hence, breeding system and
pollinator generalization in the three Himalayan

Roscoea species are neither affected by geographi-
cal disjunction nor by phenological isolation.
This result, thus, reiterates that suites of floral
traits matching apparent pollination syndromes,
in our case long-tongued fly pollination syn-
dromes of Roscoea species as discussed above, are
not always reliable to predict the effective polli-
nator of a plant species, and is consistent with
the previous findings (Paudel et al. 2017, Kuri-
akose et al. 2018, 2019).

The implication of the absence of original
pollinator
We found that the peak blooming period of

R. auriculata and R. tumjensis does not overlap
with the winged stage of P. longirostris. Philoliche
longirostris attains its winged (active) stage from
the end of July through August, but peak bloom-
ing period of R. auriculata and R. tumjensis
occurs during May–June. Thus, the temporal
mismatch between the blooming period of plant
and winged stage of a long-tongued fly could be
the major factor that has forced R. auriculata and
R. tumjensis to rely on an alternative pollinator
community (to rely on bumblebees rather than
long-tongued flies) for effective pollination. On
the other hand, although the blooming period of
R. capitata overlaps with the active (winged)
stage of P. longirostris, the fly never visits the
flowers of R. capitata. Similarly, bumblebees
never visit the flowers of R. purpurea. It is reason-
able to hypothesize that to avoid interspecies
reproductive interference associated with polli-
nators competition and to conserve species integ-
rity, R. purpurea and R. capitata, at the sympatric
populations, may have developed the suites of
floral traits that would enable these two Roscoea
species to attract different pollinators. The cur-
rent findings suggest variation in a number of
ecological factors driving the emergence of new
pollination systems, in the closely related plant
species. Indeed, temporal and spatial mismatch
and pressure from competitive plants/pollinators
could disturb the mutualism between plants and
their original pollinators (Miller-struttmann et al.
2015), which may lead to the evolution of differ-
ent pollination systems, under different ecologi-
cal conditions (Hegland et al. 2009).
According to Bond (1994), when original polli-

nators either become unavailable or somehow
lose their attraction to the flowers of a plant
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species, the original mutualism may break down
and unspecialized pollinator may occupy the
vacant niche (Schwartz-Tzachor et al. 2006). Our
results suggest that bumblebees may have occu-
pied such a vacant niche in the absence of a spe-
cialized pollinator in the three Himalayan
Roscoea species. Consistent with our result, Ros-
coea debilis also exhibits mutualism with a yellow
carpenter bee (Xylocopa confusa) in the absence of
its specialized pollinator (Fan and Li 2012) in the
Chinese Himalaya. The shift of mutualism in the
absence of the principal pollinator also occurs in
a long-corolla-tubed Pedicularis of the Chinese
Himalayas (Huang and Fenster 2007) and in a
tropical plant Tacca chantrieri (Zhang et al. 2005).

The current result indicates that bumblebees
are the generalized pollinators of the three Hima-
layan Roscoea species (the narrowly distributed
and recently diverged species), while they do not
visit R. alpina and R. purpurea (the ancestral Ros-
coea species with widespread distribution; Cowley
2007, Paudel et al. 2015, 2017, Zhao et al. 2016).
The phylogenetic data suggest that R. purpurea
seems to be a sister to R. auriculata, a lineage that
underwent localized diversification (Ngamriab-
sakul et al. 2000, Zhao et al. 2016). Thus, based
on the phylogeny and the current finding, we sug-
gest that the absence of a long-tongued fly as the
pollinator led to the evolution of Bombus pollina-
tion in the three Himalayan Roscoea species. The
retention of long corolla tube in the Himalayan
Roscoea species represents the holdover traits from
its history of long-tongued fly pollination. Consis-
tent with our findings, large cardamom (Zingiber-
aceae) in the central Himalayas, India, exhibit
Bombus pollination system (Sinu et al. 2011). A
recent finding suggests that the evolution of dif-
ferent pollination system in two sympatric Roscoea
species plays a key role in reproductive isolation
and to conserve species integrity (Paudel et al.
2018). Thus, the evolution of Bombus pollination
in the three Himalayan Roscoea species could be a
major driver of speciation and diversification of
Himalayan Roscoea species. Further phylogenetic
work including all Roscoea species with better res-
olution will shed light on speciation and diversifi-
cation of genus Roscoea in the Himalayas.

Potential drivers of natural selection
Closely related plant species that share com-

mon functional groups of pollinators are

thought to have convergent floral traits, largely
driven by pollinator-mediated selection
(Schemske 1981, Patterson and Givnish 2004,
Anderson and Johnson 2009, Kuriakose et al.
2019). Reversely, differences in floral trait
expression among congeners are thought to
have been the consequences of adaptation to
different pollinators (Schemske and Bradshaw
1999, Muchhala 2003). Contrasting with these
views, our study system shows divergence in
floral traits expression; that is, the floral traits
of the three Roscoea species are clearly divergent
among the species, but they primarily rely on
the morphologically mismatched Bombus spe-
cies for the effective and successful pollination.
The finding of a generalized pollination system
in the three Roscoea species does not corroborate
their floral morphology that indicates special-
ized pollination mutualism with long-tongued
insects. It, thus, suggests that the floral features
of the three Roscoea species, which seem to be
the evolutionary outcomes of selection by long-
tongued insects, may, in fact, reflect the out-
comes of diverse drivers of selection. Our study
identified butterflies, moths, and even some
Bombus spp. as functional nectar robbers of the
three Roscoea species and thus potential drivers
of selection on floral traits. Similarly, we
observed that the flowers of the three Roscoea
species are often damaged by herbivory, espe-
cially by beetles. Thus, herbivory can be
another potential agent of natural selection on
the floral traits of these alpine gingers. It is also
likely that non-pollinator agents such as biotic
and abiotic variables of community composition
could play a major role in the evolution of flo-
ral traits in these alpine gingers. The positive
correlation of the floral traits either with the
altitude or with the abiotic environment
derived from latitude and longitude (as
revealed by the Mantel test; Table 2) and the
incongruent relationship between the floral
traits and effective pollinator (bumblebees) sup-
port a hypothesis of non-pollinator driven floral
evolution in the three Roscoea species. Another
example from this genus further supports this
view. Roscoea alpina expresses the longest cor-
olla tubes of all the Himalayan Roscoea species
but is autonomously selfing (Paudel et al. 2017).
However, further natural selection studies with
manipulating the pollinators/non-pollinators are
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required to explore the key drivers of divergent
floral morphologies among the Himalayan Ros-
coea species.

CONCLUSIONS

The three geographically and phenologically
isolated Himalayan Roscoea species, with long-
tongued insect pollination syndrome, exhibit gen-
eralized pollination system and employ B. haemor-
rhoidalis as the common and most effective
pollinator. While our results reiterate an increas-
ing number of recent studies that pollination syn-
dromes are a rather weak predictive concept and
thus often fail to align a role of contemporary pol-
linators in shaping floral traits, they also suggest
the role of different non-pollinator agents in the
evolution/diversification of flower gestalt. The
evolution of Bombus pollination system in these
alpine gingers suggests how the mismatch
between pollinator emerging time and flowering
time causes shifting of reproductive strategy
among closely related plant species. The evolution
of different pollination systems, among the con-
geners, in sympatric populations ultimately seems
to play a key role for the speciation and diversifi-
cation of the genus Roscoea in the Himalayas.
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