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Separating selection by diurnal and nocturnal pollinators on floral

display and spur length in Gymnadenia conopsea
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Abstract. Most plants attract multiple flower visitors that may vary widely in their
effectiveness as pollinators. Floral evolution is expected to reflect interactions with the most
important pollinators, but few studies have quantified the contribution of different pollinators
to current selection on floral traits. To compare selection mediated by diurnal and nocturnal
pollinators on floral display and spur length in the rewarding orchid Gymnadenia conopsea, we
manipulated the environment by conducting supplemental hand-pollinations and selective
pollinator exclusions in two populations in central Norway. In both populations, the exclusion
of diurnal pollinators significantly reduced seed production compared to open pollination,
whereas the exclusion of nocturnal pollinators did not. There was significant selection on traits
expected to influence pollinator attraction and pollination efficiency in both the diurnal and
nocturnal pollination treatment. The relative strength of selection among plants exposed to
diurnal and nocturnal visitors varied among traits and populations, but the direction of
selection was consistent. The results suggest that diurnal pollinators are more important than
nocturnal pollinators for seed production in the study populations, but that both categories
contribute to selection on floral morphology. The study illustrates how experimental
manipulations can link specific categories of pollinators to observed selection on floral traits,
and thus improve our understanding of how species interactions shape patterns of selection.
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INTRODUCTION

The evolution of floral traits is believed to be shaped
by pollinator-mediated selection to a large extent
(Darwin 1862, Fegri and van der Pijl 1979, Fenster et
al. 2004). This view is supported by an increasing
number of studies connecting floral diversity and
pollination mode in a phylogenetic context (e.g.,
Graham and Barrett 2004, Kay et al. 2005, Wilson et
al. 2006, Whittall and Hodges 2007), and experimentally
demonstrating that pollinators mediate selection on
floral traits (Galen 1996, Fishman and Willis 2008,
Sandring and Agren 2009, Caruso et al. 2010, Par-
achnowitsch and Kessler 2010, Sletvold and Agren 2010,
Sletvold et al. 2010). In highly specialized plant—
pollinator interactions, it may be straightforward to
infer the agents of selection on floral design (Peakall and
Handel 1993, Muchhala and Thomson 2009). However,
community surveys frequently demonstrate that the
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majority of plants are visited by multiple potential
pollinators (Waser et al. 1996, Armbruster et al. 2000,
Ollerton et al. 2006), and their relative importance as
selective agents is not necessarily obvious.

The importance of a given pollinator as selective agent
on floral traits should depend both on its relative
contribution to plant reproductive success through
pollen transfer, and on the way its visitation rate and
pollination efficiency varies with trait expression. The
relative contribution to plant reproductive success may
vary widely among pollinators (Schemske and Horvitz
1984, Herrera 1987, Wilson and Thomson 1991), and
should be proportional to the product of visitation rate
and pollen transfer efficiency per visit (Stebbins 1970).
Pollinator importance estimates based on mean visita-
tion rate and efficiency have been used to infer likely
selective agents on floral traits (reviewed in Reynolds
and Fenster 2008), but such estimates ignore potential
differences among pollinators in how visitation rate and
pollen transfer efficiency vary with plant trait expres-
sion. Instead, the importance as selective agent should
depend both on the relative contribution to plant
reproductive success and the strength and shape of
selection resulting from a particular interaction. Only
those pollinators whose visitation rate and/or efficiency
of pollen transfer vary with trait expression will
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contribute to selection on floral traits, and the pollinator
responsible for most pollen transfers need not be the
most important selective agent (see also Aigner [2001]
for a discussion of effects of interactions between
pollinators). Pollinators may differ in the traits to which
they respond (Schemske and Bradshaw 1999, Lunau et
al. 2011), or favor different trait values (Medel et al.
2003, Aigner 2004, Muchhala 2007), and correlative
approaches have been used to assess the relative
importance of different pollinators as selective agents
(e.g., Gomez et al. 2009). However, few studies have
experimentally separated the contribution from different
pollinators to selection on floral traits, and our current
understanding of the correspondence between pollinator
importance in terms of reproductive success and
patterns of selection is limited.

The composition of the pollinator assembly may vary
both spatially (Gomez et al. 2010) and temporally
(Brunet 2009), which may result in associated variation
in plant reproductive success and patterns of selection
on floral traits. A particular kind of temporal variation
in pollination is experienced by plants that expose their
flowers to both diurnal and nocturnal visitors. In several
systems, diurnal and nocturnal pollinators differ in
pollination efficiency (Jennersten and Morse 1991,
Young 2002) and relative importance for plant repro-
ductive success (Fleming et al. 2001, Reynolds et al.
2009, Pérez-Barrales and Arroyo 2010) and gene flow
(Barthelmess et al. 2006). Selection on floral traits
mediated by diurnal and nocturnal pollinators is also
likely to differ. In general, visual display traits should be
more important for the attraction of diurnal visitors
than for the attraction of nocturnal visitors, whereas the
importance of traits affecting functional fit should not
differ in a consistent manner between the two categories
of visitors. For example, experimental manipulation of
floral traits in the diurnally bee-pollinated orchid
Dactylorhiza lapponica showed that both display size
and spur length affected pollination success and female
fitness (Sletvold and Agren 2011a), whereas in the
nocturnally hawk moth-pollinated orchid Platanthera
bifolia, spur length but not corolla size influenced
pollination success (Boberg and Agren 2009). However,
some studies have shown that visual cues affect
nocturnal hawk moth behavior (Goyret et al. 2007),
indicating that visual display can be important also in
nocturnally pollinated plants.

Selection on floral traits can also result from abiotic
factors (Totland 2001, Elle 2004) or interactions with
antagonists (Gomez 2003, Sletvold and Grindeland
2008, Tordng et al. 2008, Kolb and Ehrlén 2010, Wise
and Hébert 2010), and experimental manipulation of the
pollination environment is therefore necessary to deter-
mine the importance of pollinators as agents of
selection. A straightforward way to quantify pollina-
tor-mediated selection is to compare selection gradients
estimated for plants that are saturated with pollen
experimentally (representing non-pollinator selection),
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with those estimated for naturally pollinated plants
(representing selection by all agents, including pollina-
tors; Galen 1996, Fishman and Willis 2008, Sandring
and Agren 2009, Sletvold and Agren 2010). For a given
trait, the difference in selection gradient estimates the
strength and direction of pollinator-mediated selection
(ABpoi = Bc — Pup: Sletvold and Agren 2010, Sletvold et
al. 2010). This approach pools the contribution of all
pollinators, and to separate effects of specific groups,
selective exclusion experiments are needed.

In the present study, we combine supplemental hand-
pollinations with pollinator exclusions to examine the
relative importance of diurnal and nocturnal pollinators
for female fitness and pollinator-mediated selection on
floral traits in two Norwegian populations of the
rewarding orchid Gymnadenia conopsea. This species
exhibits a semi-generalized pollination system, i.c., it
receives visits from a large number of species (40 species
listed in Claessen and Kleynen [2011]), but most of them
are lepidopteran, and can be considered to belong to the
same functional group (sensu Fenster et al. 2004). Both
diurnal and nocturnal visitors are common (Darwin
1862, Huber et al. 2005, Sletvold and Agren 2010).
Variation in the strength of pollinator-mediated selec-
tion can explain much of the spatiotemporal variation in
selection in the study populations (Sletvold and Agren
2010), and here we examine whether this reflects
variation in the importance of diurnal vs. nocturnal
pollinators, as a first step toward linking specific
pollinators to observed selection in this system. We
specifically ask whether (1) the relative contribution of
nocturnal and diurnal pollinators to seed production
differs between populations, (2) diurnal pollinators
mediate stronger selection on traits influencing floral
display (plant height, number of flowers, flower size)
than nocturnal pollinators do, (3) diurnal and nocturnal
pollinators mediate similar selection on traits expected
to affect pollination efficiency (spur length).

MATERIALS AND METHODS
Study species and field sites

Gymnadenia conopsea (L.) R. Br. s.l. is a terrestrial
orchid, distributed across Eurasia (Hultén and Fries
1986). It occurs on calcareous soils in grazed meadows
and margins of marshes and fens. The species is a
tuberous, non-clonal, and long-lived perennial (Dien
and Moen 2002). At the study sites, individuals emerge
aboveground in late May to early June, and flowering
individuals produce a single inflorescence with ~10-70
flowers 3—4 weeks later. The fragrant flowers vary in
color from pale to bright pink, and rarely pure white.
Flowers open sequentially from the bottom to the top.
Individual flowers remain open for up to a week, while
individual plants may flower for a month. A long,
narrow spur contains nectar that is produced through-
out anthesis (Stpiczynska and Matusiewicz 2001). Each
flower contains two pollinaria, which are situated above
the spur entrance. Plants are self-compatible, but depend
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on pollinators for successful fruit set (N. Sletvold,
unpublished data).

The study populations are located within two nature
reserves in central Norway, Sglendet (62°40’ N, 11°50” E)
and Tagdalen (63°03' N, 9°05’ E), separated by 145 km.
The nature reserves are situated at the transition between
the middle and north boreal vegetation zones (Moen
1999). The coastal Tagdalen population (450 m a.s.l.,
above sea level) has an oceanic climate (annual precip-
itation 1507 mm), while the inland Sglendet population
(770 m a.s.l.) has a more continental climate (annual
precipitation 670 mm). The number of flowering G.
conopsea individuals varies among years from ~200 to
600 individuals in the Tagdalen population, and from 500
to 1000 individuals in the Sglendet population. The
studied populations are found in open, wet grasslands,
dominated by Molinia caerulea (L.) Moench, Succisa
pratensis Moench, and Thalictrum alpinum L. The G.
conopsea populations begin to flower in late June to early
July, and flower for 3-4 weeks. In the Tagdalen
population, the abundant hawk moth Hemaris tityus L.
(Sphingidae) is the main diurnal pollinator of G. conopsea
(Fig. la; >90% of observed diurnal visits), with
occasional visits from butterflies of the genus Boloria
Moore (Nymphalidae) (Fig. 1b) and Aglais urticae L.
(Nymphalidae). Nocturnal pollinators observed include
the hawk moth Hyles gallii Rott. (Sphingidae) and the
noctuid Autographa pulchrina Haworth (Noctuidae). At
Selendet, the common fly Empis tessellata F. (Empididae)
is the most frequent diurnal visitor (Fig. 1¢c; >50% of
observed diurnal visits), and visits from butterflies of the
genus Boloria Moore and Pyrgus centaurea Hibner
(Hesperiidae) (Fig. 1d) have been observed. The few
records of nocturnal activity are limited to the hawk moth
Hyles gallii Rott and the noctuid Papestra biren Goeze
(Noctuidae). The spur of G. conopsea is markedly shorter
than the proboscises of all lepidopteran visitors, but
considerably longer than the proboscis of the empidid fly
(Fig. 1). High levels of fruit set are common in the study
populations (60-80%), but fruit production and fruit
mass are significantly pollen limited (Sletvold and Agren
2010).

Field experiment

To quantify pollinator-mediated selection on floral
display and spur length, and to separate the effects of
diurnal and nocturnal pollinators, we experimentally
manipulated the pollination environment in both study
populations in 2010. In late June, a total of 480 plants
with flower buds were haphazardly chosen and individ-
ually tagged in each of the two populations. We
randomly assigned 120 plants to each of four treatments:
supplemental hand-pollination (HP), natural pollination
(C, control), only diurnal pollination (D), and only
nocturnal pollination (N). Plants in the HP and C
treatments were exposed to all visitors throughout the
flowering period, while plants in the D treatment were
caged during night (18:00-06:00 h), receiving only
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diurnal visits, and plants in the N treatment were caged
during day (06:00-18:00), receiving only nocturnal
visits. Supplemental hand-pollinations were conducted
as flowers opened, and all flowers were pollinated at
least twice with a minimum of two pollen donors
situated >5 m from the recipient plant. Cocktail sticks
were used to collect pollinia, and pollinations were
performed by rubbing one to two pollinia across each
stigma, saturating the surface with pollen. Pollinia were
primarily collected from other plants in the hand-
pollination treatment, but also from individuals not
included in the study. During its flowering period, each
hand-pollinated plant received pollen from multiple
donors.

In the Sglendet population, caging treatments contin-
ued until all flowers had wilted (14 August), while in the
Tagdalen population, a few plants had open flowers
when we terminated the experiment on 8 August (on
average 1.5 flowers in 31 individuals, no difference
between the D and N treatment, one-way ANOVA; F) 59
=2.62, P =0.12). At termination, we recorded pollinia
removal and pollen deposition for all flowers that
remained open. None of the flowers that were virgin at
the termination of the experiment produced a fruit,
indicating that no pollination occurred after we ended
the caging treatments.

Measured traits

At the onset of flowering, we recorded the height of all
plants included in the experiment (distance from ground
to topmost flower). On one of the three lowermost
flowers on each individual we measured spur length
(distance from corolla to spur tip) and maximum corolla
width and height to the nearest 0.1 mm with digital
calipers. Corolla size was quantified as the product of
width and height. The number of flowers was recorded
at the end of the flowering period. To quantify female
reproductive success, we recorded the number of fruits
and collected three non-dehisced capsules from each
plant at maturation. Fruits were dried at room
temperature for a month, and their dry mass was then
determined to the nearest 0.01 mg. Fruit mass is
positively related to number of seeds with embryos in
G. conopsea (Sletvold and Agren 2010). For each plant
we estimated female fitness as the product of number of
fruits and mean fruit mass. In both populations, we
quantified pollen limitation as 1 — (mean female fitness
of C plants divided by mean female fitness of HP plants).

In the Sglendet population, 220 experimental plants
were lost due to herbivory by larvae of the noctuid
Cerastis rubricosa Denis and Schiffermiiller (Noctuidae)
during flowering (probability of herbivory did not vary
among treatments, generalized linear model, GLM; y° =
3.28, df =3, 479, P =0.35).

Caging effects

In a separate experiment in the Sglendet population,
we assessed whether caging per se affected female
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FiG. 1.

Diurnal insect visitors of the rewarding orchid Gymmnadenia conopsea in central Norway: (a) Hemaris tityus, (b) Boloria

sp., (¢c) Empis tessellata, and (d) Pyrgus centaurea. Photos by N. Sletvold.

reproductive success (e.g., through changing light and
temperature conditions). We compared the female
fitness of hand-pollinated plants with that of plants that
were hand-pollinated but also caged either during the
night or during the day. We randomly assigned 105
plants to three treatments with equal sample size:
supplemental hand-pollination without caging (identical
to the HP treatment in the main experiment), hand-
pollination during daytime (06:00-18:00 h) combined
with caging during night (18:00-06:00), and hand-
pollination at nighttime (18:00—06:00) combined with
caging during day (06:00-18:00). Hand-pollinations
were conducted as in the main experiment. We recorded
the total number of flowers at the end of the flowering
period, and the number of fruits produced at fruit
maturation. From each plant, we collected three fruits

and determined fruit mass, and estimated female fitness
as the product of number of fruits and mean fruit mass.

Statistical analyses

We used one-way ANOVA to examine the effect of
the caging treatment on female reproductive success,
comparing the three hand-pollination treatments in the
second experiment (open, caged during night, caged
during day).

The effects of pollination treatment and population
on plant traits and plant performance in the main
experiment were examined with two-way ANOVA. We
used planned contrasts to examine differences in fruit
production, fruit mass, and female fitness between
pollination treatments. First, we tested for pollen-
limitation by comparing the HP and C treatments.
Second, we tested for differences in female reproductive
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Trait means = SD for plants receiving supplemental hand-pollination (HP), open-pollinated control plants (C), plants

with diurnal pollination (D), and plants with nocturnal pollination (N) in the Gymnadenia conopsea populations at Tagdalen and

Sglendet, Norway in 2010.

HP c D N Population

Trait, by site n = 108/68 n = 118/61 n=117/73 n=117/70 Fy 7 P

Plant height (cm) 103 <0.0001
Tagdalen 26.2 = 4.0 254 + 48 26.5 =45 258 + 43
Sglendet 225+ 44 21.6 = 3.8 22.6 =43 23.6 = 4.7

No. flowers 56.0 <0.0001
Tagdalen 293 £ 7.7 28.8 = 8.5 294 9.1 28.4 = 8.4
Sglendet 247 + 7.6 24.6 = 9.8 234 + 8.5 238 = 7.8

Corolla size (mm?) 0.98 0.32
Tagdalen 92.6 £ 15.6 924 = 21.5 92.3 +17.3 92.6 = 16.5
Sglendet 90.0 = 25.2 858 = 21.4 91.5 223 96.8 + 26.6

Spur length (mm) 112 <0.0001
Tagdalen 123 + 1.7 12.1 £ 2.0 123 = 1.7 122 + 1.5
Sglendet 104 = 1.4 10.8 = 1.7 1.1 =15 11.1 £ 1.5

No. fruits 95.4 <0.0001
Tagdalen 28.7 = 7.6 254 + 9. 25.3 = 10.1 236 =94
Sglendet 223 +9.0 19.5 = 10.6 17.0 = 9.7 15.7 = 9.7

Fruit mass (mg) 90.5 <0.0001
Tagdalen 10.5 £ 2.36 9.49 = 3.08 9.17 £ 2.87 7.02 = 2.74
Sglendet 8.25 = 2.58 6.98 = 2.08 6.70 = 2.23 6.62 = 1.96

Female fitness 127.6 <0.0001
Tagdalen 303 = 111 253 £ 143 248 + 148 178 = 125
Sglendet 197 = 137 147 + 106 127 £ 114 112 = 88

Notes: Fand P values associated with the effects of population, pollination treatment, and their interaction in two-way ANOVA
are shown; P < 0.05 is in bold. The first n is for Tagdalen and the second 7 is for Sglendet.

success between plants exposed to diurnal and nocturnal
pollinators, respectively (D vs. N treatment). Finally, we
compared both the D and N treatment with the C
treatment, to test whether removal of one pollinator
type reduced plant reproductive success. In cases with a
significant population X treatment interaction, contrasts
were calculated separately for each population.

Selection was estimated following Lande and Arnold
(1983), using multiple regression analyses with relative
fitness (individual fitness divided by mean fitness) as the
response variable and standardized trait values (with a
mean of 0 and a variance of 1) as explanatory variables.
Fitness was quantified as number of fruits X mean fruit
mass, and relative fitness and standardized trait values
were calculated separately for each treatment and
population. In the Téagdalen population, we initially
included quadratic (y;) and cross-product (y;) terms in
regression models to quantify nonlinear and correla-
tional selection, but none of the quadratic or correla-
tional selection gradients were statistically significant. In
the Sglendet population, reduced sample size following
herbivory prevented the inclusion of nonlinear terms in
the model. We therefore chose to analyze an identical
model including only linear gradients for both popula-
tions.

We used ANCOVA to determine whether selection
differed between pollination treatments and popula-
tions, comparing the C vs. HP treatment in one analysis,

and the D vs. N treatment in a second analysis. The
model included relative fitness as the dependent variable
and the four standardized traits (plant height, number
of flowers, corolla size, and spur length), pollination
treatment (C vs. HP, or D vs. N), population, and trait X
pollination treatment, trait X population, and trait X
pollination treatment X population interactions as
independent variables. Because statistically significant
three-way interactions were detected when comparing
the D and N treatments, we further tested the effect of
pollination treatment on selection gradient estimates
separately for each population (contrasting C vs. HP
and D vs. N). To quantify pollinator-mediated selection,
we subtracted for each trait the estimated selection
gradient for plants receiving supplemental hand-polli-
nation (Byp) from the estimate obtained for open-
pollinated controls (Bc), ABpon = Bc — Bup (cf. Sletvold
and Agren 2010).

To examine how herbivory influenced patterns of
selection in the Sglendet population, we first used
logistic regression to determine whether the probability
of herbivory was related to floral traits. The probability
of herbivory increased with number of flowers (x> =
4.95,df =1, 479, P=0.026) and tended to increase with
plant height (x> =2.84, df = 1, 479, P = 0.092), but was
not significantly related to flower size (x> =1.93, df =1,
479, P=0.16) or spur length (3> =1.44, df =1, 479, P=
0.23). Second, we compared selection models including



August 2012

TaBLE 1. Extended.
Population
Pollination X pollination
F; 728 p F; 728 P
2.30 0.076 1.38 0.25
0.31 0.82 0.39 0.76
2.14 0.093 2.01 0.11
1.63 0.18 1.96 0.12
11.6 <0.0001 0.67 0.57
27.5 <0.0001 6.45 0.0003
25.4 <0.0001 1.18 0.32

and excluding plants subject to herbivory. Because the
two selection models yielded similar results, we report
only results from the latter. All analyses were conducted
with SAS 9.2 (SAS Institute, Cary, North Carolina, USA).

REsuLTs
Effects of caging
Fruit production (F>, 9o =0.16, P = 0.86), fruit mass
(F5,102 = 0.17, P = 0.84), and female fitness (F> 102 =
0.01, P =0.99) did not differ significantly among hand-
pollinated plants that were caged during day, night, or

not at all, indicating that the caging treatment per se did
not affect female reproductive success.

Floral traits

Plant height, number of flowers, and spur length
varied among populations, but not among pollination
treatments (Table 1). Plants in the Tagdalen population
were taller and produced more flowers with longer spurs
compared to plants in the Sglendet population. Floral
traits tended to be moderately positively correlated in
both populations (Appendix: Table Al).

Pollen limitation

Fruit production and fruit mass were pollen limited in
both populations. Plants produced more and larger
fruits in the Tagdalen population than in the Sglendet
population (Table 1, Fig. 2a—d). Supplemental hand-
pollination increased the number of fruits by 13% at
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Tagdalen and by 14% at Sglendet, and the contrast
between the HP and C treatment was statistically
significant (P = 0.0039; Fig. 2a,b). The overall effect
of pollination treatment on fruit mass differed between
populations (significant population X treatment interac-
tion; Table 1), but the effect of hand-pollination was
similar (Fig. 2c,d). Fruit mass increased by 11% at
Tagdalen and by 18% at Sglendet, and the increase was
significant in both populations (Tagdalen P = 0.0085,
Sglendet P = 0.00045). The female fitness of hand-
pollinated plants was significantly higher than that of
open-pollinated controls (P < 0.0001; Fig. 2e, f). Pollen
limitation (1 — mean female fitness of C plants divided
by mean female fitness of HP plants) was 0.16 in the
Tagdalen population and 0.25 in the Sglendet popula-
tion, and did not differ significantly between popula-
tions (no significant population X pollination treatment
interaction in analysis of female fitness; Table 1).

Female reproductive success in the diurnal and nocturnal
pollination treatments

Female reproductive success was higher among plants
exposed to diurnal visitors than among plants exposed
to nocturnal visitors (D vs. N). In both populations,
plants exposed to nocturnal pollinators produced fewer
fruits than plants exposed to pollinators during both day
and night (contrast C vs. N, P = 0.0075), while fruit
production in plants with diurnal pollination was
intermediate, and did not differ significantly from either
group (C vs. D, P=0.23; D vs. N, P=0.12; Fig. 2a, b).
The effect of diurnal vs. nocturnal pollinator exclusion
on fruit mass differed between populations (significant
population X treatment interaction; Table 1). At
Tagdalen, nocturnally pollinated plants produced sig-
nificantly smaller fruits than diurnally or open-pollinat-
ed plants (P < 0.0001 for both contrasts; Fig. 2c),
whereas at Sglendet, no significant differences in fruit
mass were detected between the N, D, and C treatments
(all P > 0.28; Fig. 2d). In both populations, female
fitness of plants with nocturnal pollination was signif-
icantly lower than that of plants with diurnal pollination
(P=0.0010), whereas the difference between diurnal and
open pollination was not statistically significant (P =
0.23; Fig. 2e, f).

Pollinator-mediated selection

We detected significant directional selection for taller
plants, more flowers and longer spurs in both popula-
tions, and pollinators contributed to selection on both
plant height and spur length. In the Tagdalen popula-
tion, linear selection gradients for spur length differed
significantly between the control and supplemental
hand-pollination treatment (significant trait X pollina-
tion treatment interaction in ANCOVA; Fy 5,6=24.4, P
< 0.0001). The strength of pollinator-mediated selection
(ABpon) was 0.18, and all selection observed on spur
length among open-pollinated control plants was due to
interactions with pollinators (Fig. 3a; Appendix: Fig.
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Ala). Pollinators also accounted for 77% of the
observed selection on plant height (AByon = 0.10; Fo 216
= 5.82, P = 0.017; Fig. 3a; Appendix: Fig. A2). The
selection documented on number of flowers could not be
attributed to pollinators; estimates of selection gradients
were identical in both pollination treatments (Fo o4 =
0.02, P=0.89; Fig. 3a).

In the Se¢lendet population, interactions with pollina-
tors contributed to selection on spur length. Linear
selection gradients for spur length were significantly
stronger among open-pollinated control plants com-
pared to hand-pollinated plants (Fy 156 = 7.86, P =
0.0059), and all selection was mediated by pollinators
(ABpon = 0.21; Fig. 3b; Appendix: Fig. Alb). We also
documented significant selection on plant height and

number of flowers, but selection gradients for these two
traits were not affected by supplemental hand-pollina-
tion (both P > 0.90; Fig. 3b). Selection for more flowers
was stronger at Sglendet than at Tagdalen (significant
trait X population interaction in ANCOVA, P <
0.0001), but the contribution from pollinators to
selection did not differ significantly between the two
populations for any trait (no significant trait X
pollination treatment X population interaction in
ANCOVA, all P > 0.13).

Selection in the diurnal and nocturnal
pollination treatments

There was significant selection on both floral display
and spur length among plants exposed exclusively to
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trait X pollination treatment in ANCOVA).
* P < 0.05; % P <0.01; *** P < 0.001; P =0.066.

either diurnal or nocturnal pollinators, and the direction
of selection was consistent in the two treatments. In the
Tagdalen population, there was significant selection on
all floral traits in both the diurnal and nocturnal
pollination treatment (Fig. 3c). Selection on spur length
was significantly stronger among diurnally pollinated
plants compared to nocturnally pollinated plants (Bp =
0.19 vs. Bn =0.088; Fo 204 =4.69, P =10.031; Appendix:
Fig. Alc). In contrast, selection gradients for number of
flowers tended to be stronger among plants exposed to
nocturnal pollinators compared to those exposed to
diurnal pollinators (Bp = 0.33 vs. Py = 0.44; Fy 204 =
3.42, P=0.066). Selection gradients for plant height and
corolla size did not differ between the diurnal and
nocturnal pollination treatment (both P > 0.30).

In the Sglendet population, there was selection for
more flowers in both the diurnal and nocturnal
pollination treatment, and selection for longer spurs
was close to significant in the nocturnal treatment (P =
0.077; Fig. 3d; Appendix: Fig. Ald). Selection on

number of flowers was significantly stronger among
plants visited by diurnal pollinators compared to those
visited by nocturnal pollinators (Bp=0.72 vs. Bn=0.45;
Foy 133 = 3.94, P = 0.049). The relative strength of
selection in the diurnal vs. nocturnal pollination
treatment differed between the two populations for
both spur length and number of flowers (significant trait
X pollination treatment X population interactions in
ANCOVA; spur length Fyg 357=4.80, P=0.029; number
of flowers Fiq 357 = 8.54, P =0.0037; Fig. 3c, d).

DiscussioN

The rewarding orchid Gymnadenia conopsea exhibits
floral traits indicating generalization toward both
diurnal and nocturnal pollination; it has a conspicuous
floral display and emits scent both during the day and at
night. We documented selection on floral display and
spur length among plants exposed exclusively to either
diurnal or nocturnal visitors, suggesting that both
categories of flower visitors contribute to selection on
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floral morphology in this system. The strength of
selection from diurnal and nocturnal pollinators varied
among traits and populations, but the direction was
consistent. The results indicate that fluctuations in
relative abundance of the two categories of pollinators
is unlikely to cause major shifts in the pattern of
selection on floral morphology.

Diurnal and nocturnal pollinators have been found to
differ in their contribution to plant reproductive success
in many systems. Commonly, this reflects a qualitative
shift in pollinator type, from bats or hawk moths at
night, to birds or bees at daytime (Fleming et al. 2001,
Wolff et al. 2002, Muchhala 2003, Reynolds et al. 2009).
The present results document that variation in relative
abundance and efficiency of pollinators belonging to
similar functional groups also can affect reproductive
success. In both study populations, seed production of
plants exposed only to diurnal visitors was higher than
that of plants exposed only to nocturnal visitors (87—
98% vs. 70-76% relative to that of open-pollinated
controls). This suggests that the visitation rate by
nocturnal pollinators is lower or that they deposit fewer
pollen per visit than diurnal pollinators do. In several
systems, per-visit efficiency of nocturnal pollinators is
higher than that of diurnal pollinators, but because
diurnal insects are more abundant, they make an equal
or larger overall contribution to seed production
(Jennersten and Morse 1991, Wolff et al. 2002, Young
2002). At present, we lack information on per-visit
efficiency for the different pollinators of G. conopsea,
but observations in both study populations support a
higher visitation rate from diurnal pollinators (N.
Sletvold, unpublished data). Our results contrast with
findings in more southern G. conopsea populations,
where nocturnal visitors seem to be more abundant or
efficient than diurnal visitors. In Germany, the exclusion
of nocturnal pollinators reduced fruit and seed set
compared to open-pollinated plants, whereas the exclu-
sion of diurnal pollinators had no effect (Meyer et al.
2007), and in southern Sweden, pollinia removal and
deposition were considerably higher during night than
during day (S. D. Johnson, S.-L. Steenhuisen, C.
Fortunel, and J. Agren, unpublished data). This could
reflect a decreasing relative contribution from nocturnal
pollinators with increasing latitude, as low nocturnal
temperatures may limit insect activity, and light
conditions during night and day become increasingly
similar. The daily onset of flight activity in nocturnal
moths often coincides with the termination of twilight
(Dreisig 1980), and it has been shown that illumination
in the subarctic is continuously at levels that normally
inhibit the activity of moths (Dreisig 1981). Experimen-
tal manipulations of the pollination environment along
a latitudinal gradient could reveal whether the relative
contribution from diurnal and nocturnal visitors varies
with latitude, or in a more mosaic pattern in response to
variation in the composition of the pollinator commu-
nity within different geographic regions.
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The overall pattern of selection on floral display was
similar among plants exposed to diurnal and nocturnal
pollinators. We expected stronger selection on floral
display among plants exposed only to diurnal visitors,
but both categories of pollinators selected for taller
plants with more flowers, suggesting that they respond
similarly to visual cues. Visual signals may intuitively be
expected to be more important for the attraction of
diurnal visitors, but nocturnal moths can discriminate
among colors at very low light intensities (Kelber et al.
2003), and experiments with artificial flowers have
shown that hawk moths can exhibit stronger innate
preferences for visual targets than scent signals (Goyret
et al. 2007). In the Tagdalen population, the relation-
ships between floral display traits and female fitness
actually tended to be stronger in the nocturnal treatment
than in the diurnal treatment (Fig. 3c). One explanation
could be that the degree of pollen limitation was
stronger in the nocturnal treatment, causing more
intense competition for pollination. However, in the
Sglendet population, selection on flower production was
stronger in the diurnal treatment, despite weaker pollen
limitation. It is likely that such reversals in the relative
importance of the two pollinator groups reflect among-
site variation in species composition of the diurnal and
nocturnal community.

The strength of selection on spur length was similar in
the two G. conopsea populations, and as previously
documented, all selection on spur length was mediated
by pollinators (Sletvold and Agren 2010). The consistent
selection for longer spurs probably reflects improved
pollination efficiency in long-spurred plants, as experi-
mentally shown in several systems (cf. Nilsson 1988,
Johnson and Steiner 1997, Boberg and Agren 2009, Ellis
and Johnson 2010, Sletvold and Agren 2011a). Both
diurnal and nocturnal visitors mediated selection on
spur length, but the results suggest that the relative
importance of the two pollinator categories for selection
on spur length may differ between populations. Selec-
tion was stronger among plants with diurnal pollination
in the Tagdalen population, and tended to be stronger
among plants with nocturnal pollination in the Sglendet
population. This may reflect between-population differ-
ences in the proboscis length of the two pollinator
categories. In the Sglendet population, the most
frequently observed diurnal visitor is the empidid fly
Empis tessellata (Fig. 1c). Because the proboscis of E.
tessellata is markedly shorter than the spur of G.
conopsea, E. tessellata is not expected to exert selection
for longer nectar spurs. By contrast, nocturnal pollina-
tors at Sglendet and both diurnal and nocturnal
pollinators at Tagdalen are lepidopteran species with a
markedly longer proboscis than the spur of G. conopsea.
In these species, pollinaria attach along the length of the
proboscis, suggesting that pollinaria from long-spurred
plants may fail to contact the stigma in short-spurred
plants, which should reduce female reproductive success
(Sletvold and Agren 2010). Moreover, a positive
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correlation between spur length and nectar volume may
make long-spurred plants more attractive to flower
visitors (Sletvold and Agren 2010). Selection for longer
spurs mediated by the lepidopteran pollinators of G.
conopsea may thus reflect effects of spur length on
efficiency of pollination as well as on rates of visitation.

Pollinator-mediated selection may be due to trait-
induced variation in both the quantity and quality of
pollen deposited, and the experimental design of the
present study does not distinguish between these
possibilities. Plants receiving supplemental hand-polli-
nation received more pollen, but may also have received
pollen of higher quality. Specifically, open-pollinated
plants may have received a mixture of self- and cross-
pollen, while supplemental hand-pollinations were
conducted using cross-pollen from plants located at
least 5 m from the focal plant, which should have
reduced the risk of mating between closely related
individuals. Gymnadenia conopsea is self-compatible, but
pollination with self-pollen results in fruits that are
~35% smaller than fruits produced after cross pollina-
tion, and staining of pollinia indicate that a substantial
proportion of natural pollinations in the Sglendet
population represents geitonogamous self-pollination
(Sletvold et al. 2012). Additional studies are required
to determine the extent to which pollinator-mediated
selection on floral traits in G. conopsea is due to trait-
related variation in the quantity and quality of pollen
received, respectively.

Our approach to estimate selection shares a problem
with other experiments studying natural phenotypic
variation. Without manipulating trait expression, we
cannot distinguish the effects of focal traits from those
of potentially correlated traits not included in the
analyses (Mitchell-Olds and Shaw 1987, Wade and
Kalisz 1990). For example, if scent production is
strongly correlated with display size, differences in
selection exerted by diurnal and nocturnal pollinators
may reflect variation in response to scent as well as
visual display. Experimental manipulation will be
required to determine conclusively the relative impor-
tance of scent and floral display for pollination success
in this system (cf. Sletvold and Agren 2011a).

In the present experiments, we used diurnal and
nocturnal caging treatments of equal length (12 h). At
the latitude of the study populations (62° N), summers
are characterized by long days, with 17-20 sunhours
during the G. conopsea flowering period. To separate
accurately the effects of diurnal and nocturnal pollina-
tors, the caging periods should agree with activity time
for each pollinator category, and one alternative could
be to delimit each treatment based on light intensity
measurements. We did not observe any activity by
diurnal pollinators outside the 06:00-18:00 h window,
but we cannot completely exclude the possibility that
there was some contribution by day-flying pollinators to
the nocturnal pollination treatment.
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Gymnadenia conopsea is a long-lived perennial that
shows significant short-term costs of reproduction, and
costs differ between the two studied populations in
terms of magnitude and fitness components affected
(Sletvold and Agren 2011b). Life history differences
across environments can affect trait selection (Kolb and
Ehrlén 2010), and estimates of selection based on fitness
components may or may not correlate well with those
based on lifetime fitness (Gomez 2008, Kolb and Ehrlén
2010). To compare selection gradients among different
populations based on overall fitness, we are collecting
demographic data that will link effects on components
of fitness throughout the life cycle.

Whether pollination systems should be considered
generalized or specialized has been vigorously debated
over the last decades (Waser et al. 1996, Fenster et al.
2004), but comparatively few attempts have been made
to quantify the contribution of specific pollinators to
selection on floral traits. As illustrated by the present
study, manipulation of the pollination environment
makes it possible to move beyond the recognition that
pollinators vary in visitation frequency and efficiency,
and provides quantitative estimates of selection exerted
by different categories of pollinators. This represents an
important step toward linking observed selection on
floral traits to interactions with specific categories of
pollinators.
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