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† Background and Aims Plant–pollinator interactions are thought to have shaped much of floral evolution. Yet the
relative importance of pollinator shifts and coevolutionary interactions for among-population variation in floral
traits in animal-pollinated species is poorly known. This study examined the adaptive significance of spur length
in the moth-pollinated orchid Platanthera bifolia.
† Methods Geographical variation in the length of the floral spur of P. bifolia was documented in relation to variation
in the pollinator fauna across Scandinavia, and a reciprocal translocation experiment was conducted in south-east
Sweden between a long-spurred woodland population and a short-spurred grassland population.
† Key Results Spur length and pollinator fauna varied among regions and habitats, and spur length was positively
correlated with the proboscis length of local pollinators. In the reciprocal translocation experiment, long-spurred
woodland plants had higher pollination success than short-spurred grassland plants at the woodland site, while no
significant difference was observed at the grassland site.
† Conclusions The results are consistent with the hypothesis that optimal floral phenotype varies with the morphology
of the local pollinators, and that the evolution of spur length in P. bifolia has been largely driven by pollinator shifts.

Key words: Ecotype, evolution of floral traits, moth pollination, spur length, Platanthera bifolia, pollination
ecotypes, pollination success, pollinator shift, population differentiation, proboscis length, speciation.

INTRODUCTION

Pollinator-driven divergent selection on floral traits has been
implied as an important mechanism of angiosperm diversifica-
tion and speciation (Dodd et al., 1999; Kay and Sargent, 2009;
Vamosi and Vamosi, 2010; Van der Niet and Johnson, 2012).
Population differentiation in floral traits of animal-pollinated
plants may be the result of adaptive evolution driven by selection
exerted by pollinators, but may also be influenced by selection
exerted by antagonists and abiotic factors, and by random pro-
cesses (Nuismer et al., 2000; Fenster et al., 2004; Strauss and
Irwin, 2004; Herrera et al., 2006; Rausher 2008; Gómez et al.,
2009; Anderson et al., 2010a; Armbruster et al., 2010). The hy-
pothesis that the evolution of floral traits is driven by pollinator-
mediated selection has been examined at the interspecific level
by phylogenetic studies mapping shifts in pollinators and floral
characters (e.g. Armbruster, 1993; Armbruster and Baldwin,
1998; Johnson et al., 1998; Wilson et al., 2004; Whittall and
Hodges, 2007; Van der Niet and Johnson, 2012). At the intraspe-
cific level, the hypothesis can be explored by examining the cor-
relation between the morphology of the locally most important
pollinator and floral morphology (Brink, 1980; Robertson and
Wyatt, 1990; Johnson and Steiner, 1997; Boyd, 2002). Studies
of species radiations within the genera Aquilegia (Whittall and
Hodges, 2007), Disa (Johnson et al., 1998), Dalechampia
(Armbruster, 1993; Armbruster and Baldwin, 1998),
Penstemon (Castellanos et al., 2003; Wilson et al., 2004),
Mimulus (Bradshaw and Schemske, 2003) and Iochroma
(Smith et al., 2008; Fenster et al., 2009) support the hypothesis

that shifts to new pollinators are associated with characteristic
changes in floral traits. Less is known about the extent to which
floral variation within species is the product of selection
mediated by pollinators (Herrera et al., 2006; Anderson and
Johnson, 2008; Gómez et al., 2009; Pauw et al., 2009; Peter
and Johnson, 2014).

Reciprocal transplant experiments provide a critical test of the
hypothesis that populations have adapted to local environmental
conditions (Clausen et al., 1940; Kawecki and Ebert, 2004;
Ågren and Schemske, 2012), and have demonstrated adaptive
differentiation among populations of a large number of both
plant and animal species (Leimu and Fisher, 2008; Hereford,
2009). To test the idea that plant populations are adapted to the
local pollination environment requires reciprocal transplant
experiments in which pollination success is evaluated and the re-
lationship between pollination success and plant fitness estab-
lished. However, few translocation experiments have been
conducted to test the hypothesis of intraspecific adaptive diver-
gence in relation to the composition or behaviour of local polli-
nators (e.g. Newman et al., 2012; Sun et al., 2014).

Both coevolutionary interactions and pollinator shifts may
contribute to pollinator-driven evolution of floral traits. The co-
evolution hypothesis suggests that both plant and pollinator traits
evolve as a result of reciprocal selection (Janzen, 1980; Anderson
and Johnson, 2008; Harderand Johnson, 2009; Pauw et al., 2009;
Zhang et al., 2013). In contrast, the pollinator-shift hypothesis
suggests that floral evolution is driven by pollinator-mediated se-
lection, but with no reciprocal evolution of the pollinator
(Johnson and Steiner, 1997; Wasserthal, 1997; Whittall and
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Hodges, 2007; Anderson and Johnson, 2008). Trait covariation
among populations of a plant and its primary pollinator would
be consistent with coevolution (but see Anderson et al., 2010b;
Nuismer et al., 2010). Alternatively, in a situation where the
dominating pollen vector varies among habitats, a correlation
between plant traits and the characteristics of the dominating pol-
linator would be consistent with the hypothesis of floral evolu-
tion by pollinator shifts. Coevolutionary interactions and
pollinator shifts have been proposed as alternative hypotheses
(e.g. Whittall and Hodges, 2007), but both processes are likely
to contribute to floral evolution in any given system, and the chal-
lenge is rather to determine their relative importance.

In animal-pollinated plants, the lengths of corolla tubes and
floral spurs are expected to affect the mechanical fit to pollinators
and thereby pollination efficiency (Darwin, 1862; Nilsson, 1988;
Johnson and Steiner, 2007; Boberg and Ågren, 2009; Muchhala
and Thomson, 2009; Sletvold and Ågren, 2011). The evolution
of long floral spurs has been attributed to a coevolutionary race
between the spurs of flowers and the proboscis of pollinators
(Darwin, 1862; Wallace, 1867). Selection for longer spurs is
expected if the spur is too short to match the length of the probos-
cis of the primary pollinator, while selection for a longer probos-
cis in the pollinator is expected as long spurs evolve because
individuals with a long proboscis will be able to obtain more
nectar than competitors with a short proboscis. However, the
relative importance of coevolutionary interactions and pollinator
shifts for the evolution of spur length remains unknown. Based
on a comparative phylogenetic study, Whittall and Hodges
(2007) suggested that interspecific differences in spur length in
Aquilegia have evolved as a result of pollinator shifts rather
than coevolution. Studies of intraspecific variation in corolla
tube length and pollinator morphology have provided support
for the hypothesis of coevolution in the South African herbs
Zaluzianskya microsiphon (Anderson and Johnson, 2008) and
Lapeirousia anceps (Pauw et al., 2009), while corresponding
data rather suggested that pollinator shifts are largely responsible
for spur length evolution in the deceptive orchid Disa draconis
(Johnson and Steiner, 1997).

Spur length and other floral traits vary considerably among
populations of the moth-pollinated orchid Platanthera bifolia,
and particularly long-spurred woodland populations have been
described as a separate subspecies (ssp. latiflora; Løjtnant,
1978; Sterner, 1986). Spur length manipulations have demon-
strated that spur length influences both pollen removal and
pollen receipt in P. bifolia (Nilsson, 1988; Boberg and Ågren,
2009), and a reciprocal transplant experiment suggested that dif-
ferences in floral traits between a short-spurred grassland popu-
lation and a long-spurred woodland population of P. bifolia had a
genetic basis (Boberg and Ågren, 2009). Here, we investigated
the adaptive significance of spur length in P. bifolia and
whether among-population variation in spur length is consistent
with coevolutionary interactions or pollinator shifts. We per-
formed a survey of geographical variation in spur length and pro-
boscis length of local pollinators across Scandinavia, and we
conducted a reciprocal translocation experiment between a long-
spurred and a short-spurred P. bifolia population in south-eastern
Sweden to examine whether the relative pollination success of
long-spurred and short-spurred plants differed between popula-
tions primarilyserviced by long- and short-proboscis pollinators,
respectively. More specifically, we asked (1) whether the spur

length of P. bifolia varies among regions and habitats; (2)
whether the proboscis lengths of the three most common
flower visitors vary intraspecifically among regions; (3)
whether among-population variation in spur length correlates
with the proboscis length of local pollinators; (4) whether spur
length correlates with other floral traits in an area with both
long- and short-spurred populations; and (5) whether the pollin-
ation success of long-spurred plants is greater than that of short-
spurred plants in the habitat where the primary pollinator has a
long proboscis but not in the habitat where the main pollinator
has a short proboscis, as would be expected if the spur length
of local populations is sufficiently long to ensure mechanical
fit and efficient pollination by local pollinators.

MATERIALS AND METHODS

Study system

Platanthera bifolia is a terrestrial orchid with a Eurasian distribu-
tion (Hultén and Fries, 1986). In northern Europe, it flowers in
June and July. The plant produces two basal oval leaves at the
base of a spike-like inflorescence. Each inflorescence contains
10–20 flowers, which open sequentially, basically to apically.
All flowers open within a few days of each other and remain
open for most of the flowering period. Nectar is secreted from uni-
cellular hairs that cover the inside walls of the spur (Stpiczynska,
1997) and the flowers emit a strong scent at night (Tollsten and
Bergström, 1993). The flowercontains two pollinaria, one situated
on each side of the spur entrance. Each pollinium contains hun-
dreds of massulae (Nazarov and Gerlach, 1997). Platanthera
bifolia is pollinated by hawkmoths (Sphingidae). Common hawk-
moth flower visitors in Sweden are Deilephila porcellus,
D. elpenor, Hyles gallii, Hyloicus pinastri and Sphinx ligustri
(Nilsson, 1983, 1988). These species vary in proboscis length
from approximately 18 to 45 mm, which should impose variation
in selection on spur length of P. bifolia. When a moth inserts its
proboscis into the spur to feed on nectar it contacts the viscidia
that fold around the proboscis, and the pollinaria are removed
when the moth withdraws from the flower. When a moth carrying
pollinaria visits a flower, massulae attach to the sticky surface of
the stigma,which issituated in three lobesaroundthespurentrance
(Nilsson, 1983). Fruit set has been found to be pollen-limited in
P. bifolia populations both on the Swedish mainland (Nilsson,
1983; Maad and Alexandersson, 2004) and on the island of
Öland in south-eastern Sweden (E. Boberg, L. Xu and J. Ågren,
unpubl. res.).

Spur length and pollinator morphology

To determine the correlation between geographical variation in
spur length and in proboscis length of local pollinators, we mea-
sured spur length in 51 populations of P. bifolia (n ¼ 3–200
plants per population, median n ¼ 47) and the proboscis length
of pollinating moths in 12 of the P. bifolia populations (n ¼ 1–
96 moths per population, median n ¼ 6) across Sweden and
Norway. For each plant sampled, spur length, defined as the dis-
tance from the spur mouth to the tip, was determined for two or
three newly opened flowers positioned in the middle part of the in-
florescence. Spur length was recorded to the nearest 0.1 mm using
a digital calliper. We sampled eight different region/habitat
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categories. We sampled 12 populations in coniferous forest in
northern Sweden, six populations in coniferous forest in central
Sweden, four populations in coniferous forest on the island of
Gotland insouth-easternSwedenandseven populations indecidu-
ous woodland and 12 populations in semi-natural alvar grasslands
on Öland in south-eastern Sweden. In northern Norway we
sampled three populations in Calluna heathland, six populations
in subalpine birch forest and one alpine population (see
Supplementary Data Table S1 for population coordinates and
sample sizes). Pollinating moths were observed and caught in
populations of P. bifolia from June to July during 1973, 1980,
1984, 1985, 2002 and 2005. The moths that were caught either
carried pollinaria or were observed pollinating flowers. We mea-
sured the proboscis length of hawkmoths from root to tip to the
nearest 0.5 mm in the laboratory, and for each site we calculated
the mean proboscis length of all hawkmoth specimens caught.

Intraspecific variation in proboscis length

To determine the magnitude of intraspecific variation in pro-
boscis length of pollinators, we obtained specimens of the
three important pollinator species S. ligustri, H. pinastri and
D. porcellus collected with stationary light traps during June
and July 2006 at nine sites in five geographical regions in south-
ern and central Sweden. The proboscis length from root to tip was
determined for 12–67 hawkmoths per region (1–42 hawkmoths
per site) for the five regions Skåne, Blekinge, Öland, Gotland and
Gästrikland/Uppland/Södermanland (see Supplementary Data
Table S2 for sample sizes and the location of each collection site).

Local differentiation between grassland and woodland populations

To document the magnitude of morphological variation
among populations on the island of Öland in south-eastern
Sweden, where P. bifolia occurs in both grassland and woodland
habitats and where distinct short-spurred and long-spurred popu-
lations have been identified (Sterner, 1986), we recorded plant
height, flower length, flower width, spur length, stem height
and the number of flowers of 531 individuals in seven grassland
and five woodland populations (n ¼ 12–74 per population). We
determined plant height, defined as the distance from the base of
the stem to the uppermost flower; flower width, defined as the
horizontal distance between the outer tips of the left and right
lateral sepals; flower length, defined as the vertical distance
between the outer tips of the dorsal sepal and the labellum;
spur length, defined as above; and stem height, defined as the dis-
tance between the base of the stem and the lowermost flower in
the inflorescence.

Reciprocal translocation experiment

To establish the adaptive significance of differences in flower
morphology and plant height in habitats that differ in pollinator
composition, vegetation height and microclimate, we performed
a translocation experiment at the sites of a short-spurred grass-
land population (Melösa) and a long-spurred woodland popula-
tion (Ismantorp) on Öland in 2009. We included 184 plants from
two short-spurred grassland populations (Melösa and Bårby) and

two long-spurred woodland populations (Ismantorp and
Gråborg) in the experiment. The short-proboscis pollinator
D. porcellus is the primary pollinator of P. bifolia in grassland
populations on Öland, while the long-proboscis hawkmoth
S. ligustri is the primary pollinator in woodland populations.
Grassland populations grow on thin, sandy soils with relatively
low vegetation, and are exposed to the sun and often strong
winds, while woodland populations grow on deep, clay-rich
soils with tall grass and herbaceous vegetation in an environment
that is shadier and less windy. This experiment primarily tested
whether the relative pollination success of the two focal popula-
tions [short-spurred (Melösa) and long-spurred (Ismantorp)] dif-
fered between the two sites, such that the pollination success of
the local population would be higher than that of the non-local
population, at least at the site of the long-spurred population.
We included two additional populations to determine whether
differences in the relative pollination success of the two focal
populations could be generalized to other long- and short-
spurred populations. Plants were bagged in the bud stage until
the date of the experiment. Woodland populations of P. bifolia
start to flower about 10 days earlier than grassland populations
(E. Boberg and J. Ågren, unpubl. res.). The translocation experi-
ment was conducted during the period when flowering of wood-
land and grassland populations overlaps. To reduce variation in
display size caused by differences in flowering time, we
removed eight open flowers from each plant originating from
woodland populations and eight flower buds from each plant ori-
ginating from grassland populations. This resulted in a mean of
nine open flowers per plant at the time of the experiment, with
no statistically significant effect of population (two-way
ANOVA, F3,164 ¼ 0.28, P ¼ 0.8), site (F1,164 ¼ 1.3, P ¼ 0.26)
or their interaction (F3,164 ¼ 2.21, P ¼ 0.09). Plants originating
from woodland populations were taller, with larger flowers
(longer labellum, lateral sepal and dorsal sepal) and had longer
spurs than had plants from grassland populations (significant
effect of population in two-way ANOVA, P , 0.05, no statistic-
ally significant site × population interaction Supplementary
Data Tables S3 and S4). In addition, the Melösa population was
taller and produced longer spurs than did the other short-spurred
population (Bårby; Tukey HSD P , 0.05); labellum length,
lateral sepal length and dorsal sepal length did not differ signifi-
cantly between the two short-spurred populations. Plants included
in the translocation experiment were cut so that the inflorescence
with stem and the two basal leaves were intact and the cut stems
were inserted in Falcon tubes filled with floristic foam. At each
site, 92 plants were randomly distributed at nodes within a quad-
ratic grid containing 400 nodes in total, each separated by 0.5 m.
Plants were left in the field for three subsequent nights, and did
not show any signs of wilting during the course of the experiment.
Pollen receipt, quantified as the number of massulae deposited
in flowers, was recorded after each night of exposure to flower
visitors. Massula diffuses into the stigmatic surface and become
invisible after approximately 24 h (E. Boberg and J. Ågren,
unpubl. res.). Total pollen receipt of experimental plants was
therefore quantified as the sum of deposited massulae recorded
after the first, second and third nights. Pollen removal was
quantified at the end of the experiment as the total number of
pollinia removed from each plant.
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Data analyses

We used mixed-model ANOVA to assess the effects of region/
habitat (fixed factor) and population nested within region/habitat
(random factor) on spur length. We calculated the correlation
between pollinator proboscis length and plant spur length
based on population means. To determine whether proboscis
length can explain variation in spur length also when controlling
for large-scale climatic factors, we included latitude as a proxy
for climate as an additional predictor in a multiple regression
model. For the hawkmoth specimens collected with stationary
light traps, we used mixed-model ANOVA to assess the effects
of region (fixed factor) and collection site nested within region
(random factor) on proboscis length separately for each
species. To examine the main axes of variation in morphology
in the populations of P. bifolia on Öland, we performed principal
components analysis based on the correlation matrix for the six
traits scored (plant height, stem height, number of flowers,
flower width, flower length and spur length).

Because pollen receipt and pollen removal were low and
highly variable in the translocation experiment, we treated
pollen receipt and pollen removal as binomial variables (0, 1)
at the level of the individual plant in the analysis of pollination
success. The effects of population of origin, translocation site
and their interaction on pollen receipt and pollen removal were
analysed with generalized linear models with a binomial error
distribution. To test for local adaptation, this analysis was con-
ducted including only the two focal populations originating
from the sites of the experiment. To test for general differences
of adaptive significance between short-spurred and long-spurred
populations, an analysis including all four populations was con-
ducted. In the former analysis, contrasts were examined to deter-
mine whether the local population outperformed the non-local
population at each of the two sites, and in the latter analysis con-
trasts were examined to determine whether long-spurred popula-
tions outperformed short-spurred populations at the site of the
long-spurred population, and whether the reverse was true at
the other site.

Mixed model ANOVA (PROC MIXED), two-way ANOVA
(PROC GLM) and generalized linear models (PROC GEN
MOD) were analysed in SAS 9.3 (SAS Institute). The statistical
significance of the random factor in mixed-model ANOVA was
estimated with the likelihood ratio test (Littell et al., 1996). The
difference in –2 residual log likelihood between models with
and without the random factor was compared using the x2 test
with a table value corresponding to a one-tailed test with one
degree of freedom (Sokal and Rohlf, 1995).

RESULTS

Spur length and pollinator morphology

PollinatorsofP.bifoliavariedamongregions/habitats.Platanthera
bifolia populations in grassland habitats on Öland, south-eastern
Sweden, were primarily pollinated by the short-proboscis hawk-
moth D. porcellus (22 of 30 pollinator observations; mean+SD
proboscis length 17.9+1.0 mm, n ¼ 22, pooled over popula-
tions), whereas populations in deciduous woodland habitats on
Öland were primarily pollinated by the long-proboscis pollinator
S. ligustri (52 of 68 pollinator observations; proboscis length
39.1+2.2 mm, n ¼ 52). The relatively few observations from

populations in coniferous forest habitats suggest that the medium-
proboscis H. pinastri is a major pollinator (seven observations of
H. pinastri, two observations of D. porcellus and four observations
of S. ligustri; proboscis length of H. pinastri 30.2+2.5 mm, n ¼
7), while populations in subalpine habitats were pollinated by the
small geometrid moth Entephria caesiata (103 of 103 pollinator
observations; proboscis length 6.76+0.61 mm, n ¼ 103;
Fig. 1). Of the total of 215 moths that were caught, 133 carried pol-
linaria of P. bifolia.

Spur length varied among regions/habitats (F7,43·6 ¼ 84.4, P ,
0.0001; Fig. 2) and was positively related to the mean proboscis
length of local pollinators (Fig. 3). Woodland populations on
Öland had the longest spurs, whereas the shortest spurs were
observed in grassland populations on Öland and in northernmost
Norway (Fig. 2). Mean spur length and mean proboscis length
were strongly and positively correlated (r ¼ 0.93, n ¼ 12, P ,
0.001). Proboscis length was a significant predictor of spur
length also in a multiple regression model that inaddition included
latitude as an independent variable (standardized partial regres-
sion coefficient: proboscis length, b ¼ 8.8, t ¼ 8.1, P , 0.001;
latitude, b ¼ 2.2, t ¼ 2.0, P ¼ 0.07).

Intraspecific variation in proboscis length

Intraspecific variation in proboscis length of three common
pollinators of P. bifolia was limited, and variation among
regions and collection sites reached marginal statistical signifi-
cance only for one of the species (S. ligustri, region, F2,2·12 ¼
1.44, P ¼ 0.40; collection site, x2 ¼ 0.3, d.f. ¼ 1, P ¼ 0.58;
H. pinastri, F4,6·47 ¼ 4.23, P ¼ 0.05, x2 ¼ 2.5, d.f. ¼ 1, P ¼
0.11; D. porcellus, F4,4·26 ¼ 3.72, P ¼ 0.11, x2 ¼ 0.1, d.f. ¼ 1,
P ¼ 0.75; Fig. 4). Across all collection sites, the mean proboscis
length ranged from 35.7 to 38.9 mm in S. ligustri, from 28.7 to
32.3 mm in H. pinastri and from 17.5 to 19.3 mm in D. porcellus.

Local differentiation between grassland and woodland populations

The populations investigated on the island of Öland consisted
of two groups that were clearly separated morphologically
(Fig. 5). In the principal components analysis, the first axis
(PC1) explained 70.3 % of the variation and mainly represented
variation in plant height, spur length, stem height and flower
length and width (loadings ranging from 0.85 to 0.93; loading
number of flowers 0.43). The second axis (PC2) explained
15.3 % of the variation and mainly represented number of
flowers (loading 0.87; all other traits had absolute loadings
,0.3). Long-spurred woodland populations and short-spurred
grassland populations were clearly separated along PC1, but
not along PC2 (Fig. 5). In woodland populations the plants
were tall and produced large flowers with long spurs, while in
grassland populations the plants were short and produced small
flowers with short spurs; no consistent differences in number
of flowers were recorded between long- and short-spurred popu-
lations (Supplementary Data Table S5). In addition, spur length
and other floral traits also varied among populations of each of
the two spur-length categories (range of population mean spur
length: short-spurred populations, 19.2–23.2 mm; long-spurred
populations 34.5–41.2 mm; Supplementary Data Table S5).
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Reciprocal translocation experiment

As predicted, the pollination success of long-spurred popula-
tions tended to be higher than that of short-spurred populations at
the site of the long-spurred Ismantorp population, while no dif-
ference in pollination success was recorded at the site of the
short-spurred Melösa population. In the analysis of the two
focal populations, the long-spurred Ismantorp population was
more likely to be pollinated at Ismantorp than was the short-
spurred Melösa population (contrast x2 ¼ 11.4, d.f. ¼ 1, P ¼
0.0007), while equal proportions of plants of the two populations

were pollinated at Melösa (Fig. 6; significant site × population
interaction, x2 ¼ 6.0, d.f. ¼ 1, P ¼ 0.014). The proportion of
plants from which pollen was removed tended to be higher
among the long-spurred Ismantorp plants than among the short-
spurred Melösa plants at both sites, but this difference only
approached statistical significance (x2 ¼ 3.4, d.f. ¼ 1, P ¼
0.06), and no effects of site (x2 ¼ 0.3, d.f. ¼ 1, P ¼ 0.61) or
site × population interaction (x2 ¼ 0.1, d.f. ¼ 1, P ¼ 0.74;
Fig. 6) were detected.

The analysis that also included two additional populations
suggested that long-spurred populations in general had an

Spur length of Platanthera bifolia

Proboscis length of pollinators
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subalpine birch forest in northern Norway, (B) coniferous forest in northern Sweden, (C) coniferous forest on the island of Gotland, (D) deciduous forest on the island of

Öland and (E) grasslands on the island of Öland.
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advantage at the woodland Ismantorp site, but the results were
somewhat more variable. Pollen receipt was affected by popula-
tion of origin (x2 ¼ 9.6, d.f. ¼ 3, P ¼ 0.02) but not by site (x2 ¼
3.6, d.f. ¼ 1, P ¼ 0.06), and the site × population interaction
only approached statistical significance (x2 ¼ 6.4, d.f. ¼ 3,
P ¼ 0.09; Fig. 6). Contrasts examined separately by site indi-
cated that long-spurred populations were more likely to be polli-
nated than short-spurred populations at Ismantorp (contrast
Gråborg and Ismantorp with Bårby and Melösa, x2 ¼ 7.9,
d.f. ¼ 1, P ¼ 0.005), but not at Melösa (x2 ¼ 1.1, d.f. ¼ 1,
P ¼ 0.29). Pollen removal was not significantly affected by
population of origin (x2 ¼ 4.1, d.f. ¼ 3, P ¼ 0.26), site (x2 ¼
0.5, d.f. ¼ 1, P ¼ 0.47) or the population × site interaction
(x2 ¼ 0.2, d.f. ¼ 3, P ¼ 0.98; Fig. 6).

DISCUSSION

In this study, we have documented geographical variation in spur
length and predominant pollinator of the moth-pollinated orchid
P. bifolia, and a correlation between spur length and proboscis
length of local pollinators. We have further demonstrated that,
at its home site, the pollination success of a long-spurred popula-
tion was higher than that of a short-spurred population, while no
significant difference was recorded at the home site of the short-
spurred population. The results are consistent with the hypoth-
esis that intraspecific variation in spur length reflects adaptive
evolution in response to pollinator-mediated selection for
longer spurs when spur length is insufficient to match the probos-
cis length of local pollinators.

We have demonstrated that the species identity of the primary
pollinators varies across the distributional range of P. bifolia and
that the mean spur length matches the mean proboscis length of

local moth pollinators. The results are consistent with the hy-
pothesis that pollinator shifts have driven large-scale population
differentiation in spur length in this nectar-producing plant. An
alternative hypothesis of pollinator-mediated floral evolution is
diversification through the process of coevolution (Anderson
and Johnson, 2008; Pauw et al., 2009). We found that intraspecif-
ic variation in proboscis length of three important pollinators of
P. bifolia was very limited among and within regions and did not
match the large variation in spur length observed in P. bifolia
across Scandinavia or within the limited area of Öland. This sug-
gests that spur length of P. bifolia has mainly evolved in response
to variation in the composition of the local pollinator assemblage
and that coevolution is likely to explain much less of the variation
observed.

Correlations between spur length and other measures of flower
size and inflorescence height documented in the present and pre-
vious studies (Boberg and Ågren, 2009) suggest that some of the
among-population variation in spur length may reflect variation
in abiotic conditions, overall size or pollinator-mediated selection
oncorrelated traits.However, therewas noclear latitudinal trend in
spur length variation. The southernmost region examined (Öland)
harboured both the most long-spurred and very short-spurred
populations, and proboscis length of local pollinators remained
a significant predictorof spur lengthwhen controlling for variation
in latitude. Moreover, both the results of reciprocal transplantation
of whole plants between a woodland and grassland population on
Öland (Boberg and Ågren, 2009) and observations of among-year
variation in spur length (Maad, 2000) suggest that environmental
effects on spur length are limited compared with the differences
documentedbetween regions andbetweenlong-andshort-spurred
populations on Öland. Finally, the results of experimental manip-
ulations suggest that spur length (Nilsson, 1988), but not perianth
size (Boberg and Ågren 2009), is the direct target of pollinator-
mediated selection in P. bifolia. Thus, although effects of

r = 0·93
P < 0·0001
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abiotic factors and selection on correlated traits may contribute to
variation in spur length, they are unlikely to be the sole causes of
the differences in spur length observed among populations.

Correlations between among-population variation in spur
length or corolla tube length and differences in pollinator
species composition have been reported also in other insect-
pollinated species. Robertson and Wyatt (1990) found that the
difference in spur length between two butterfly-pollinated popu-
lations of Platanthera ciliaris corresponded to a difference in the
primary pollinator species and its proboscis length, while
Johnson and Steiner (1997) showed that the mean spur length
of the deceptive orchid D. draconis matched the proboscis
length of the local fly pollinator species. Measurements of
museum specimens of plants and hawkmoths revealed that re-
gional variation in corolla tube length in Gladiolus longicollis

was correlated with the proportion of long-tongued hawkmoths
in the collections from different regions (Anderson et al.,
2010a). Taken together, these studies indicate the potentially
strong influence of geographical variation in pollinator assem-
blage on the evolution of floral traits.

As predicted, the translocation experiment conducted on
Öland showed that, at its home site, the pollination success of
the long-spurred Ismantorp population was higher than that of
the short-spurred Melösa population, while at Melösa no signifi-
cant difference was recorded. This is consistent with the assump-
tion that the spurs of the Melösa population are sufficiently long
for efficient pollination in the home environment, but too short
for efficient pollination at the site of the long-spurred population.
The pollination success of the two additional populations
included in the experiment was largely consistent with a
general advantage of long-spurred populations at the site of the
long-spurred Ismantorp population and with smaller differences
at the site of the short-spurred Melösa population.

Woodland plants are taller and produce flowers with a larger
perianth and with longer spurs [Supplementary Data Table S5],
and several traits may thus have contributed to their higher pollin-
ation success at the site of the long-spurred Ismantorp population.
Theproboscis lengthof the principalpollinatorof woodland popu-
lations is nearly 20 mm longer than that of the principal pollinator
of grassland populations of P. bifolia on Öland, and the optimal
spur length can therefore also be expected to be longer.
Evidence of pollinator-mediated selection on spur length in
P. bifolia has been detected in previous studies. Experimental
shortening of the spur in long-spurred woodland populations on
Öland reduced pollen removal and receipt (Nilsson, 1988;
Boberg and Ågren, 2009), and a positive relationship between
spur length and pollen removal and fruit set has been documented
in natural populations of P. bifolia both on the Swedish mainland
(Maad, 2000; Maad and Alexandersson, 2004) and on Öland (E.
Boberg, L. Xu and J. Ågren, unpubl. res.). A field experiment
showed that perianth size did not affect reproductive success in a
woodland population of P. bifolia on Öland (Boberg and Ågren,
2009), suggesting that the difference in perianth size is less
likely to have contributed to the difference in pollination success
between the long-spurred woodland and the short-spurred grass-
land populations in the translocation experiment. The adaptive
significance of plant height remains to be tested experimentally.
Pollinator-mediated selection on inflorescence height can be
expected to be stronger in tall than in short vegetation (Ågren
et al., 2006; Sletvold et al., 2013), but experimental manipulations
of both spur length and plant height would be required to assess
their relative importance for variation in pollination success in
the habitats examined here.

The translocation experiment provides a partial test of the hy-
pothesis that the two reciprocally translocated populations are
locally adapted. As predicted, the long-spurred population had
an advantage at its home site in terms of higher pollination
success compared with the short-spurred population. The
results suggest that, at the site of the long-spurred population,
benefits in terms of increased pollination success may balance
costs associated with producing long spurs and a tall inflores-
cence. Because no such benefit was recorded at the site of the
short-spurred population, the optimal spur length is likely to be
shorter at this site. Opposing selection on flower size and inflor-
escence height is likely to be expressed through fitness
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components other than pollination success (cf. Zhang et al.,
2013), and a full evaluation of the hypothesis that the morpho-
logical differences documented are adaptive would thus
require that effects on overall fitness are considered.

This study has demonstrated wide variation in spur length
among populations of P. bifolia and a correlation between
plant and pollinator morphology. The results support the hypoth-
esis that intraspecific variation in spur length reflects adaptive
evolution in response to geographically varying pollinator-
mediated selection, but do not by themselves say anything
about when and where differences in spur length evolved. It
would be interesting to examine the genetic relationships
between long-spurred and short-spurred populations of
P. bifolia. This would make it possible to determine whether par-
ticularly long- and short-spurred populations have evolved re-
peatedly, to estimate the timing of divergence in relation to
recent glaciations in Northern Europe and to estimate current
levels of gene flow between morphologically and phenologically
differentiated populations. The wide variation in floral morph-
ology observed in P. bifolia makes it an excellent study system
for examining processes influencing floral evolution and repro-
ductive isolation.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Table S1: geographic
locations and habitats of sampled Platanthera bifolia popula-
tions. Table S2: geographic locations of stationary light traps
and the number of Sphinx ligustri, Hyloicus pinastri and
Deilephila porcellus for which proboscis length was determined.
Table S3: height and flower morphology of plants from two
grassland and two woodland populations included in the trans-
location experiment on Öland, south-eastern Sweden. Table
S4: effects of source population and translocation site on
height and flower morphology of plants in the translocation ex-
periment. Table S5: mean plant height and flower morphology
of seven grassland and five woodland populations of P. bifolia
on Öland, south-eastern Sweden.
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