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also had significantly more pollinia removed and a higher 
fruit set, whereas control plants that did not receive the 
fertilization treatment had significantly fewer selfed seeds, 
and more viable seeds. Although we cannot exclude a role 
of changes in floral scent following the fertilization treat-
ment, our results strongly suggest a relation among nectar 
AA composition, fruiting success and selfing rates. Our 
results also indicate potential consequences of nutrient pol-
lution for plant reproductive success, through the induced 
changes in nectar AA composition.

Keywords High performance anion exchange 
chromatography with pulsed amperometric detection · 
Microsatellite markers · Nectar composition · Plant-
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Introduction

Reproduction of almost 90 % of all wild plant species 
depends on animal pollination (Ollerton et al. 2011). 
As a consequence, floral traits have evolved a multitude 
of mechanisms to attract and reward pollinators (Dar-
win 1862; Galen and Newport 1987). Ostentatious floral 
design, sophisticated floral odour and copious floral nec-
tar all attract and reward pollinators and promote pollen 
transfers between flowers. However, attracting pollinators 
is not infinitely beneficial for plant fitness. At a certain 
point the increased energetic costs to produce floral traits 
may outweigh the reproductive advantages (Davis 1981; 
Pyke 1991). Furthermore, overly rewarding floral traits can 
increase the chance of self-pollen transfers and inbreeding 
through inducing changes in pollinator behaviour (Irwin 
and Adler 2008; Iwata et al. 2012; Mamut et al. 2014). For 
instance, plants exhibiting highly attractive floral rewards 
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may be subject to an increase in consecutive flower vis-
its on the same individual. Consequently, pollen is more 
likely to be deposited on the stigma of a different flower 
of the same individual (geitonogamous pollination) (de 
Jong et al. 1993). In addition, increased pollinator rewards 
can increase the time pollinators spend on individual flow-
ers, increasing the chance of pollen being deposited on 
the stigma of the same flower (autogamous pollination) 
(Dudash 1991; Harder and Barrett 1995). The conse-
quences of increased selfing can be detrimental to plants as 
it may depress fitness by clogging stigma surfaces, increas-
ing fruit abortion, reducing pollen available for export, 
and reducing survival chances of inbred offspring (Barrett 
2002; Keller 2002). Therefore, a trade-off exists between 
selection of sufficiently attractive floral traits, and inducing 
pollinators to move quickly between different plant individ-
uals (de Jong et al. 1993).

One trait that is commonly viewed as fundamentally 
important for pollination is floral nectar, a chemically com-
plex solution primarily consisting of sugars and amino 
acids (AAs), in addition to a wide range of proteins and 
secondary components that are present in lower quanti-
ties (Nicolson and Thornburg 2007; González-Teuber and 
Heil 2009). Floral nectar is known to influence both pol-
linator attraction and behaviour, and the presence of nec-
tar has been shown to affect selfing rates. For instance, 
Johnson et al. (2004) inferred that a mutation towards nec-
tar production in the non-rewarding orchid Anacamptis 
morio would increase pollinia removal fourfold. However, 
a 40 % increase in geitonogamous self-pollination was 
also expected. In support of these findings, Jersáková and 
Johnson (2006) observed more self-pollination when flow-
ers of the nectarless orchid Disa pulchra were artificially 
supplemented with a sucrose solution. In addition to nec-
tar presence, nectar quantity and quality can also affect 
selfing rates. Pollinator handling time increases following 
experimentally increased nectar volumes, and this change 
in behaviour increases autogamous selfing (Hodges 1995; 
Cresswell 1999). On the other hand, manipulating nectar 
quality by increasing the concentration of nectar secondary 
components, can effectively reduce selfing rates, as pollina-
tors spend less time per flower, and visit fewer flowers per 
plant (Irwin and Adler 2008; Manson et al. 2013).

Because of their importance to foraging pollinators, 
nectar AAs can also be expected to affect pollen disper-
sal, self-pollination and reproductive success. For example 
insect pollinators prefer nectar mimics containing mix-
tures of AAs over nectar mimics lacking AAs (Alm et al. 
1990; Mevi-Schütz and Erhardt 2005). The N component 
of AAs is considered to be essential, particularly for polli-
nators that do not access other N sources through their diet 
(Jervis and Boggs 2005), and AAs occur in high concen-
trations in the nectar of plants pollinated by Lepidoptera, 

which lack the ability to feed on N-rich pollen (Baker and 
Baker 1986). However, the importance of AAs is not solely 
related to the nutritional content of nectar, as AA composi-
tion also affects nectar taste and scent (Gardener and Gill-
man 2002; Raguso 2004; Nicolson and Thornburg 2007). 
To conclude, AAs can be expected to elicit specific polli-
nator behavioural responses, and mediate the dilemma of 
attracting sufficient pollinators while avoiding too intensive 
pollinator visits (González-Teuber and Heil 2009; Nepi 
2014). Two recent observational studies of the Lepidoptera-
pollinated orchid Gymnadenia conopsea have revealed 
the importance of nectar AAs in mediating pollen trans-
fer, showing that nectar AA composition affected fruit set 
(Gijbels et al. 2014, 2015). However, the precise effects 
that nectar AA concentration and composition can have on 
pollen flow patterns and plant reproductive success are still 
largely unknown.

In this experimental study we considered how changes 
in nectar AA content and composition affect the pollen flow 
and reproductive success in the Lepidoptera-pollinated fra-
grant orchid (G. conopsea). We experimentally added soil 
nutrients to randomly selected individuals in three popula-
tions to increase nectar AA concentration. We hypothesized 
that increased nectar AA content increases fruit and seed 
production through increased pollinator visits. On the other 
hand, we expected that increased AA content may increase 
self-pollination through changes in pollinator behaviour.

Materials and methods

Species and study sites

G. conopsea (the fragrant orchid) is a perennial, terrestrial 
orchid that grows in open lowland to subalpine meadows 
throughout Eurasia (Fig. 1). During mid-summer G. conop-
sea produces one dense spike of 10-80 pale pink to intense 
violet flowers (Meekers et al. 2012). Flowers have a long 
spur half filled with sucrose-dominant nectar, rich in AAs 
(Gijbels et al. 2014) and produce scent composed of 45 
volatiles, including the physiologically active benzyl ace-
tate, eugenol and benzyl benzoate (Huber et al. 2005). Each 
flower contains two sectile pollinia, which adhere to polli-
nators singly or in pairs. Massulae from a single pollinium 
are likely to be deposited on multiple flowers (Meekers 
et al. 2012). Pollinia do not re-orient after removal and so 
are immediately in the correct position to contact the stig-
matic surfaces (Meekers et al. 2012; Sletvold et al. 2012a). 
The species is self-compatible, but fruit set requires pollen 
transfer by pollinators, as it is not capable of autonomous 
autogamy or apomixis (Gustafsson 2000). Fruits mature 
3–6 weeks after pollination, and after capsule dehiscence 
the minute seeds are wind dispersed during autumn. A 
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variety of long-tongued Lepidoptera species pollinate G. 
conopsea including diurnal and nocturnal moths and but-
terflies (Gustafsson 2000; Huber et al. 2005; Sletvold et al. 
2012a). Fruit set of G. conopsea in the study area is pollen 
and not resource limited as supplemental hand pollinations 
significantly increased fruit set to nearly 100 % (Meekers 
et al. 2012; Gijbels et al. 2014).

Experimental manipulations were implemented in 
three populations growing on dry, nutrient-poor, calcare-
ous grassland fragments (Coupu Tienne, 50°07′25.55″N, 
04°41′53.03″E; Les Hurées, 50°06′42.84″N, 04°37′21.96″E; 
Gay, 50°05′41.74″N, 04°40′16.84″E). All populations are 
located within 5 km of each other in the valley of the Viroin 
river in the south-western Calestienne region of Belgium 
[see Adriaens et al. (2006) for a full description of the study 
area]. Gay contained the smallest population, with only 37 
flowering individuals, whereas Hurées and Coupu Tienne 
had 243 and 487 flowering individuals, respectively.

Field survey

Nutrient treatments began mid-May 2012, approximately 
1 month before flowering. At this stage the inflorescences 
of the G. conopsea individuals were already developed. 
Twenty individuals were randomly selected in a 5 × 5-m 
plot in the centre of each population. Once a week for 
4 weeks, ten of the selected individuals in each population 
received a local nutrient treatment (0.9 mg N, 0.9 mg P and 

0.6 mg K in 200 ml deionised water), whereas the other 
ten individuals served as a control and received 200 ml of 
deionised water.

Sampling and data collection started at the onset of flow-
ering at the end of June, 1 week after the last fertilisation 
treatment. The inflorescences of two enriched individuals at 
Coupu Tienne were browsed by wildlife before sampling 
and were omitted from further analyses. The height of each 
plant was measured, the number of flowers was counted 
and all inflorescences were bagged (1-mm mesh) to allow 
nectar build up in the spurs. The next morning we sampled 
the nectar of three recently opened flowers per individual, 
using 5-μl microcapillary tubes (Hirschmann Laborgeräte, 
Eberstadt, Germany). Nectar volume was determined in the 
field by measuring the fluid column in the tubes. Soil sam-
ples were taken with an auger (2 cm diameter). Soil and 
nectar samples were stored in a cooling box for transport to 
the laboratory. Leaf samples were dried and stored on silica 
gel until further analyses.

In the first 2 weeks of July, between 9 a.m. and 8 p.m., 
pollinator observations were performed. Pollinator visita-
tion rates, flower handling time and number of consequen-
tial flower visits within an inflorescence were recorded in 
experimental and control individuals of each population. 
However, despite 60 h in the field, very few pollinator visits 
could be observed and the obtained data were insufficient 
for further analysis. It is likely that in our study area noc-
turnal Lepidoptera are the dominant pollinators, whereas 
diurnal Lepidoptera are more important in northern popula-
tions (Meyer et al. 2007; Sletvold et al. 2012a). Therefore, 
we were unable to observe sufficient pollinator visits even 
though the high fruiting success of all populations indicates 
ample pollination. During peak flowering, at the beginning 
of July, ten flowers of each individual were selected and 
removed pollinia were counted. Finally, in early August 
2012, we collected six non-dehisced fruit capsules and 
recorded the percentage of flowers of an inflorescence that 
successfully turned into a fruit (fruit set) per plant.

Nutrient analyses

All soil analyses were conducted on fresh samples, stored 
in a refrigerator at 5 °C for ≤1 month prior to analysis. 
Soil samples were bulked per three individuals of the same 
population and treatment, hence at least three replicate bulk 
samples per treatment were analysed for each population. 
As a measure of soil inorganic N availability, NH4

+ and 
NO3

− were extracted by shaking 10 mg dry mass equiva-
lent of soil in 100 ml of 1 M KCl solution for 1 h (Rob-
ertson et al. 1999). The extracts were then poured through 
Whatman no. 42 filter paper and colorimetrically analysed 
by a segmented flow auto-analyser (Skalar, Breda, the 
Netherlands). Soil inorganic P availability was determined 

Fig. 1  Inflorescence of Gymnadenia conopsea in a calcareous grass-
land in the Viroin valley, Belgium
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with Olson P values by shaking 2 g dry mass equivalent of 
soil for 30 min with 0.5 M NaHCO3 at pH 8.5 followed by 
colorimetric analysis of the extracts using the molybdenum 
blue method (Lajtha et al. 1999).

Chemical nutrient extraction of the soil may not nec-
essarily reflect plant nutrient uptake (Güsewell and 
Koerselman 2002), so we measured leaf N and P concen-
tration to assess whether the fertilized individuals effec-
tively took up more nutrients than control plants. Leaf 
samples of three individuals of the same population and 
treatment were bulked, hence tree replicate bulk samples 
per treatment were analysed for each population. N concen-
tration of leaf tissue was measured by combustion and sub-
sequent gas detection (Flash 1112; Interscience, Breda, the 
Netherlands). P concentration was determined after HNO3 
destruction and subsequent inductively coupled plasma 
mass spectrometry analysis (Robertson et al. 1999).

Nectar analyses

Nectar AA and sugar composition of all samples were 
analysed with high performance anion exchange chroma-
tography with pulsed amperometric detection analysis on 
an ICS3000 chromatography system (Thermo Scientific, 
Dionex, Sunnyvale, CA) (Gijbels et al. 2014). When nec-
tar samples arrived at the lab they were diluted with 10 μl 
NaN3/water (0.02 % w/v) and frozen (−20 °C) until further 
analysis. Samples of different populations and treatments 
were analysed in a random order. Nectar AA and sugar 
concentrations of individual plants were determined as the 
average over all sampled flowers from that individual, as 
previous publication showed high variation between flow-
ers (Gijbels et al. 2014).

Seed set and DNA analyses

Due to their minute seed size, mycorrhizal dependence 
and slow growth rates, estimating reproductive success 
of orchids is notoriously difficult (Sletvold et al. 2012b). 
Therefore most studies estimate fitness and inbreeding 
depression in orchids as fruit and seed set (the proportion of 
seeds with embryos). We also quantify seed set, as we stud-
ied three fruits per individual under a stereo microscope 
and determined the percentage of seeds with an embryo by 
counting approximately 100 seeds per fruit. Results were 
then averaged per individual.

Additionally, DNA extractions were performed on both 
20 mg homogenized leaf material of each mother plant and 
on the combined seeds of each of three fruits from each 
mother plant. We used fruit-level analyses to determine 
paternity of the seeds within a single fruit. The NucleoSpin 
Plant II kit (Machery–Nagel, Düren, Germany), with some 
modifications of the standard cetyl trimethylammonium 

bromide protocol was used for the DNA extractions. The 
incubation time during cell lysis was increased to 60 min at 
65 °C and only one elution step was performed for minimal 
dilution of nucleic acids.

Five simple sequence repeats (microsatellites) were 
amplified in two multiplex polymerase chain reac-
tions (PCRs) (mix A and B, Online resource 1), using a 
GeneAmp PCR System 2720 thermal cycler (Applied 
Biosystems, CA) and a total sample volume of 10 µL con-
taining 5 µL Qiagen Multiplex PCR Master Mix (Qiagen, 
Valencia, CA), 2 µL sample/template DNA and 0.2 µL of 
each primer (reverse and forward, 10 µM) and comple-
mented with RNase-free Milli-Q water. The thermocycling 
profiles started with an initial Taq DNA polymerase heat-
activation step at 94 °C for 5 min; 45 cycles of 30 s at 94 °C 
(denaturation step), 90 s at 57 °C for mix A and 64 °C for 
mix B (annealing step) and 45 s at 72 °C (extension step); 
and a final extension step of 30 min at 60° C. Then, 1 µL 
of the PCR was added to a solution of 8.8 µL formamide 
and 0.2 µL of the Applied Biosystems GeneScanTM 500 
LIZ size standard. Sized fragments were scored using Gen-
eMapper version 4.0 (Applied Biosystems). During scor-
ing, none of the analysed fruits showed signs of multiple 
paternity. If multiple individuals contributed pollen to a 
single fruit, only one clear dominant father was present 
and other minority fathers were indistinguishable from the 
background noise. We compared the microsatellite profiles 
of mother plants with those of their fruits. If none of the 
markers differed between a fruit and the mother plant, we 
assumed that the fruit resulted from self-pollination. Hence 
each fruit was appointed as either selfed or outcrossed. This 
approach was expected to provide an acceptable indication 
of selfing rates, especially in a comparative way among the 
different nutrient treatments.

Statistical analyses

To reduce the complexity of the obtained nectar AA data 
set, we conducted a principal component (PC) analysis 
(PCA) using the concentrations of all individual nectar 
AAs (Kaiser–Meyer–Olkin measure of sampling ade-
quacy = 0.78). Four PCs with an eigenvector higher than 
1 were extracted (Table 1). For a better interpretation of 
the PCs, we used the orthogonal varimax rotation. After 
this rotation each original variable tends to relate to fewer 
PCs, and each PC represents only a small number of vari-
ables (Hair et al. 2009). Together, the four PCs explained 
78.4 % of the total variance (Table 1). Not only the abso-
lute concentration but also the relative contribution of indi-
vidual AAs is expected to be biologically relevant as the 
latter is expected to strongly affect nectar taste and pollina-
tor behaviour (Gardener and Gilman 2002). We therefore 
also included the relative contribution of the most dominant 
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nectar AAs in our analyses, as it is expected that they have 
the largest impact on nectar taste. We selected those AAs 
that contributed at least 5 % to the total AA concentra-
tion, in at least one population or treatment. Of the 18 AAs 
detected, eight AAs satisfied this condition: alanine (Ala), 
arginine (Arg), asparagine (Asn), aspartic acid (Asp), glu-
tamic acid (Glu), glutamine (Gln), glycine (Gly) and ser-
ine (Ser) (Fig. 2). We then calculated Pearson correlations 
between the plant traits: plant height, number of flowers, 
nectar volume, total sugar concentration, relative propor-
tion of sucrose, total AA concentration, PCs and relative 
proportions of the individual AAs (Ala, Arg, Asn, Asp, Glu, 
Gln, Gly and Ser), as well as measures of reproductive suc-
cess: pollinia removal, fruit set, seed set and selfed fruits 
for each population and for each treatment over all popula-
tions (Online resource 2).

To assess the effects of the experimental treatments 
(fertilized vs. control) on the soil characteristics and plant 
traits, generalized mixed models were performed using the 
glmmADMB package in R 3.1.1 (Fournier et al. 2012; R 
Core Team 2014). We were interested in the general effects 
of the experimental treatment rather than in the population-
specific effects, or in the differences between populations. 

We therefore always included population as a random 
factor and experimental treatment as a fixed factor in the 
models. Complementary to the mixed models, we also ran 
linear model analysis where the experimental treatment 
was nested within population, and where all ratio variables 
(%) were arcsine transformed before analysis. To assess 
the nutrient uptake of the individuals in the different treat-
ments, we used mixed models with a Gaussian distribu-
tion, with soil and leaf nutrient concentrations as dependent 
variables, and experimental treatment as the independent 
variable. To explore the effect of the fertilization treat-
ment on plant traits, we used a set of models with plant 
height (Gaussian distribution), number of flowers (negative 
binomial distribution), nectar sugar and AA concentration 
(Gaussian distribution), PCs (Gaussian distribution), and 
relative contribution of sucrose and individual AAs (all β 
distributed) as dependent variables. Finally, also the effect 
of the experimental treatments on pollinia removal, fruit 
set, seed set and number of outcrossed fruits (all with logis-
tic distribution) was tested.

Table 1  Results of the principal component (PC) analysis on the 
absolute concentration of all amino acids (AAs)

The component matrix shows the eigenvalues and percentage of the 
total variance explained by each PC, and the relative values of each 
AA on the PCs, with the highest values in italic

PC1 PC2 PC3 PC4

Eigenvalue 6.55 3.51 2.83 1.22

% of variance 36.42 19.49 15.70 6.78

Alanine 0.62 0.46 0.32 0.28

Arginine −0.05 0.67 0.53 0.25

Asparagine 0.23 0.90 0.04 −0.04

Aspartic acid 0.09 0.17 0.90 0.02

Phenylalanine 0.69 −0.07 −0.26 0.05

Glutamic acid 0.47 −0.01 0.69 0.14

Glutamine 0.34 0.85 0.05 −0.01

Glycine 0.07 0.06 0.06 0.97

Histidine 0.75 0.20 0.41 −0.12

Isoleucine 0.53 0.54 0.36 0.09

Leucine 0.80 0.30 0.15 0.06

Lysine 0.52 0.30 0.49 −0.14

Methionine 0.63 0.53 0.26 0.20

Ornithine 0.73 0.17 0.23 −0.07

Serine 0.76 0.44 0.36 −0.02

Threonine 0.81 0.35 0.38 0.02

Tyrosine 0.81 0.14 0.35 0.15

Valine 0.84 0.34 0.00 0.12

Fig. 2  Relative (a) and absolute (b) contribution of the different nec-
tar amino acids (AAs) to total nectar AA concentration in 30 control 
(black) and 28 fertilized (grey) Gymnadenia conopsea individuals. 
Error bars indicate 1SE
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Results

The results of the models with the experimental treatment 
nested within population were very similar to the mixed-
model approach (Online resource 3), therefore we further 
only report and discuss the results of the mixed models. 
One week after the final fertilizer treatment, the soil in 
the rooting area of the fertilized individuals had signifi-
cantly elevated soil N and P concentrations (N, Z = 9.8, 
P < 0.001; P, Z = 7.68, P < 0.001; Table 2). The leaf tissue 
of the fertilized plants contained significantly more P and N 
than the control plants (Z = 4.16, P < 0.001 and Z = −5.66, 
P < 0.001, respectively). All these results indicated that the 
experimental treatment successfully increased plant nutri-
ent uptake.

Fertilization did not affect plant height or flower num-
ber, nectar volume, sugar concentration or sugar compo-
sition (Table 3). The added nutrients did affect nectar AA 
concentration and composition (Table 3). AA concentration 
was significantly higher in treated individuals (Z = 5.22, 
P < 0.001), and also the PCA scores on PC2 and PC4 
(Table 1) significantly increased with fertilization. PC2 is 
related to AAs that showed a strong increase in concen-
tration, and therefore, their relative contribution increased 
between treatments (Gln, Z = 8.19, P < 0.01; Asn, 
Z = 2.68, P < 0.01). The exception being Arg, which had 
only a small increase in absolute concentration in the fer-
tilized treatment, and hence showed a decrease in its rel-
ative contribution (Z = −3.85, P < 0.001; Table 3). PC4 
is related to Gly, the most abundant AA in G. conopsea 
nectar. Gly had a very strong increase in concentration in 
the fertilized individuals, and hence also its relative con-
tribution strongly increased (Z = 2.1, P = 0.02; Table 3; 
Fig. 2). The PCA scores on PC1 and PC3 did not differ 

significantly between treatments (Z = 3.1, P = 0.086 and 
Z = 1.96, P = 0.17, respectively). PC1 and PC3 relate to 
AAs with a moderate or no increase in absolute concentra-
tion (PC1, Ala, histidine, leucine, lysine, methionine, orni-
thine, phenylalanine, Ser, threonine, tyrosine and valine; 
PC3, Asp and Glu; Fig. 2). Logically, the relative contri-
bution of these AAs remained constant (Ala and Ser) or 
decreased (Asp, Z = −4.95, P < 0.001; Glu, Z = −4.21, 
P < 0.001) in fertilized individuals (Table 3; Fig. 2).

Reproductive success differed significantly between 
the two experimental treatments (Table 4; Fig. 3). Fer-
tilized plants had significantly more pollinia removed 
(Z = 2.3, P < 0.05) and a higher percentage of flowers set 
fruit (Z = 3.45, P < 0.001). These plants also had a lower 
percentage of seeds with embryo (Z = 3.45, P < 0.001), 
and had more fruits that were genetically identical to the 
mother plant (Z = 2.86, P < 0.01).

Discussion

We demonstrated that nutrient addition significantly 
increased nectar AA concentration in G. conopsea. This 
is consistent with earlier results of Gardener and Gillman 
(2001), showing that plant species produce elevated lev-
els of nectar AAs following increased soil nutrients, and 
with earlier observations of higher AA concentrations in 
populations of G. conopsea with more nutrient-rich soils 
(Gijbels et al. 2014). Although the total AA concentration 
was higher in fertilized individuals, not every AA equally 
contributed to this increase (Fig. 2; Table 3). The AAs 
that showed the strongest increase, Gly and Gln, also have 
a particularly N-rich structure (Online resource 4). The 
observed increase of N-rich AAs may result from shunting 

Table 2  Average ± SE of total 
soil and leaf N and P levels in 
control and enriched individuals 
of Gymnadenia conopsea in 
three populations [Gay (Ga), 
Les Hurées (Hu), Coupu Tienne 
(CT)]

Z-values were obtained using mixed models and reflect the difference between treatments across all three 
populations

*** P < 0.001

Ga Hu CT Z

Total Nsoil (mg/l) 9.80***

 Control 0.29 ± 0.01 0.43 ± 0.04 0.19 ± 0.01

 Enriched 0.47 ± 0.01 0.93 ± 0.01 0.66 ± 0.01

Total Psoil (mg/l) 7.68***

 Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

 Enriched 1.02 ± 0.01 0.66 ± 0.07 2.15 ± 0.05

C/Nleaf −5.66***

 Control 27.91 ± 0.88 23.20 ± 1.35 22.13 ± 0.64

 Enriched 16.81 ± 0.87 19.37 ± 1.44 17.95 ± 0.38

Total Pleaf (p.p.m.) 4.16***

 Control 4.94 ± 0.47 7.01 ± 0.42 7.70 ± 0.46

 Enriched 6.17 ± 0.25 8.68 ± 0.26 9.05 ± 0.72
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Table 3  Average ± SE of 
plant and nectar traits in control 
and enriched individuals of 
G. conopsea in three different 
populations (Ga, Hu, CT)

Ga Hu CT Z

Height (cm) 0.65

 Control 49.7 ± 2.9 52.9 ± 3.0 58.8 ± 2.1

 Enriched 51.7 ± 1.4 50.5 ± 2.1 56.7 ± 2.5

Flowers (n) −0.04

 Control 21.4 ± 1.0 26.0 ± 2.4 47.3 ± 4.7

 Enriched 27.5 ± 3.4 19.7 ± 1.7 47.9 ± 3.7

Volume (µl) 0.58

 Control 1.0 ± 0.1 1.1 ± 0.1 1.2 ± 0.1

 Enriched 1.1 ± 0.1 0.9 ± 0.2 1.2 ± 0.1

Total sugar (mM) 0.89

 Control 757.0 ± 81.3 635.0 ± 53.3 582.5 ± 56.1

 Enriched 806.7 ± 90.7 627.6 ± 38.1 552.6 ± 91.4

Sucrose (%) −0.48

 Control 87.0 ± 5.8 96.3 ± 0.4 95.0 ± 0.8

 Enriched 89.0 ± 4.8 96.4 ± 0.5 89.6 ± 3.1

Total AA (mM) 5.22***

 Control 3.5 ± 0.6 2.3 ± 0.2 3.0 ± 0.2

 Enriched 5.6 ± 0.7 4.9 ± 0.5 4.4 ± 0.6

PC1 3.06

 Control −0.25 ± 0.26 −0.43 ± 0.08 0.03 ± 0.19

 Enriched 0.27 ± 0.50 0.68 ± 0.38 −0.37 ± 0.20

PC2 12.62**

 Control −0.33 ± 0.20 −0.35 ± 0.08 −0.55 ± 0.08

 Enriched 0.25 ± 0.48 0.77 ± 0.42 0.26 ± 0.22

PC3 1.96

Control 0.95 ± 0.35 −0.16 ± 0.22 −0.40 ± 0.21

Enriched 0.72 ± 0.26 −0.81 ± 0.20 −0.38 ± 0.28

PC4 17.60***

 Control −0.46 ± 0.07 −0.67 ± 0.07 −0.19 ± 0.09

 Enriched 0.89 ± 0.46 −0.18 ± 0.08 0.78 ± 0.53

Alanine (%) 0.26

 Control 12.8 ± 1.5 13.0 ± 0.7 14.5 ± 1.2

 Enriched 14.1 ± 1.3 14.7 ± 1.3 11.9 ± 1.3

Arginine (%) −3.85***

 Control 9.3 ± 0.8 10.6 ± 0.9 8.3 ± 0.7

 Enriched 7.1 ± 0.9 5.5 ± 0.5 8.5 ± 1.6

Asparagine (%) 2.68**

 Control 4.1 ± 1.2 3.8 ± 0.4 3.5 ± 0.6

 Enriched 4.6 ± 1.2 7.5 ± 0.6 8.7 ± 1.8

Aspartic acid (%) −4.95***

 Control 6.8 ± 0.7 5.8 ± 0.7 4.5 ± 0.6

 Enriched 3.8 ± 0.5 2.9 ± 0.2 3.4 ± 0.5

Glutamic acid (%) −4.21***

 Control 12.7 ± 1.5 9.9 ± 0.7 11.1 ± 1.0

 Enriched 8.7 ± 1.4 6.5 ± 0.7 8.7  ± 1.4

Glutamine (%) 2.79**

 Control 3.6 ± 0.8 4.0 ± 0.7 3.6 ± 0.5

 Enriched 4.9 ± 1.0 10.3 ± 1.8 4.4 ± 1.0

Glycine (%) 2.05*

 Control 19.7 ± 1.6 16.2 ± 1.2 22.2 ± 2.2
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of excess N because nectar is continuously excreted, and 
removed by pollinators. Indeed, to avoid cellular damage 
some higher plant species and mosses use Gly and Gln to 

shunt excess N out of cells following increased N availabil-
ity (Gardener and Gillman 2001). This increase in Gly and 
Gln may particularly increase attractiveness for pollinators, 
as a nutritional N source. Gly, for example, has a simple 
N-rich structure which allows an energy-efficient means of 
increasing N content in nectar (Online resource 4). Addi-
tionally, AAs such as Gln could provide pollinators with a 
beneficial addition for energetically expensive flight (Gar-
dener and Gillman 2002).

AA composition can affect the taste and scent of nec-
tar, and therefore the different AA profiles obtained 
between treatments could have changed pollinator behav-
iour through specific neurological or phago-stimulating 
pathways (Nicolson and Thornburg 2007; Bertazzini et al. 
2010; Rodríguez-Peña et al. 2013). A previous study 
showed that two AAs (Ser and Ala) were under phenotypic 
selection in G. conopsea, and could therefore be involved 
in the regulation of pollinator behaviour (Gijbels et al. 
2015). Interestingly, these are the only two AAs that con-
tribute equally to the AA profile in both treatments. Our 
results therefore further underline the potential impor-
tance of Ala and Ser in regulating the behaviour of polli-
nating Lepidoptera. Another interesting observation is that 
all AA with a strongly significant (P < 0.001) decrease in 

Table 3  continued Ga Hu CT Z

 Enriched 30.2 ± 6.4 20.4 ± 1.5 30.9 ± 7.1

Serine (%) −0.86

 Control 11.9 ± 1.2 13.8 ± 0.5 12.0 ± 0.8

 Enriched 12.3 ± 1.5 14.2 ± 0.9 9.7 ± 1.3

Z-values were obtained using mixed models and reflect the difference between experimental treatments 
across all three populations. For abbreviations, see Table 2

* 0.01 ≤ P < 0.05, ** 0.001 ≤ P < 0.01, *** P < 0.001

Table 4  Average ± SE of 
measures of reproductive 
success of control and enriched 
individuals of G. conopsea in 
three populations (Ga, Hu, CT)

Z-values were obtained using mixed models and reflect the difference between treatments across all popu-
lations. For abbreviations, see Table 2

* 0.01 ≤ P < 0.05, ** 0.001 ≤ P < 0.01, *** P < 0.001

Ga Hu CT Z value

Pollinia removed (%) 2.30*

 Control 42.8 ± 7.02 50.5 ± 9.6 61.0 ± 7.4

 Enriched 57.7 ± 7.03 49.9 ± 4.9 85.7 ± 4.6

Fruit set (%) 5.67***

 Control 88.6 ± 1.5 88.7 ± 2.9 84.8 ± 2.1

 Enriched 93.7 ± 2.7 95.9 ± 1.02 96.3 ± 0.8

Seed Set (%) 3.45***

 Control 83.3 ± 2.0 84.4 ± 3.3 82.6 ± 2.9

 Enriched 67.8 ± 6.6 73.1 ± 5.1 71.2 ± 4.7

Outcrossed seeds (%) 2.86**

 Control 48.4 ± 11.2 76.7 ± 8.3 85.0 ± 6.3

 Enriched 45.0 ± 15.7 33.3 ± 9.9 66.8 ± 8.8

Fig. 3  Different measurement of reproductive success in 30 control 
(black) and 28 fertilized (grey) G. conopsea individuals, across three 
populations. Error bars indicate 1SE. All variables were significantly 
different between treatments (P < 0.05)
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relative contribution have been shown to inhibit labellar 
chemosensory cells of flies [Arg, Glu and Asp (Shiraishi 
and Kuwabara 1970)]. Hence this change in AA composi-
tion could also alter pollinator taste perception and polli-
nating behaviour.

Individuals with experimentally elevated AA concen-
tration and altered composition experienced both more 
pollinia removal and higher fruit set, indicating that they 
received more pollinator visits as compared to the control 
individuals. Despite the increased fruiting success, fruits 
were more likely to originate from self-pollination, as the 
genetic profiles of seeds and mother plants were more often 
identical, indicating increased selfing. These higher self-
ing rates were reflected in a lower seed set possibly indi-
cating inbreeding depression (Meekers and Honnay 2011; 
Sletvold et al. 2012b). To avoid self-pollination during pol-
linator visits, some orchid species show delayed bending of 
pollinia (Peter and Johnson 2006). In this way pollinia can 
contact a stigma only for a short while after they have been 
removed from the donating flower. However, pollinia of G. 
conopsea do not show bending (Meekers et al. 2012; Slet-
vold et al. 2012b) and are therefore immediately suscepti-
ble to self-pollination.

As G. conopsea is not capable of autonomous autogamy 
or apomixis (Gustafsson 2000) and additional hand pol-
lination significantly increases fruiting success to 100 % 
(Meekers et al. 2012; Gijbels et al. 2014), the increased 
fruiting success and selfing of nutrient-enriched indi-
viduals have to be caused by pollinators. Pollinators can 
either spend more time in contact with individual flowers, 
increasing the chances of pollinia deposition within the 
same flower (autogamy), or visit more subsequent flowers 
within a single inflorescence, depositing pollinia on a dif-
ferent flower of the same individual (geitonogamy). Unfor-
tunately pollinator observations are required to differentiate 
between these two forms of self-pollination.

Furthermore, even though we did not find significant 
treatment effects on the different plant traits we meas-
ured, except for nectar AA concentration and composi-
tion (Table 3), we cannot exclude that artificial fertiliza-
tion may also affect unmeasured floral features that may 
affect pollinator preferences. One such floral trait that may 
respond to fertilization is the chemical composition of flo-
ral volatiles. Pollinators are known to use floral volatiles 
as an honest signal to assess the quantity and quality of 
the nectar reward (Schiestl 2015). Hence, an increase, or a 
change in composition, of floral volatiles could alter pol-
linator attraction and behaviour (Gross and Schiestl 2015). 
Therefore, further research examining the role of nectar 
AAs on plant reproductive success should present artificial 
nectar with different AA concentration and composition to 
pollinators under lab conditions. To distinguish between 
olfactory and gustatory stimuli also nectar scent variability 

should be taken into account in these pollinator-preference 
tests.

From an evolutionary perspective, our study shows 
that possible advantages of increased nectar attractiveness 
depend on both a plant’s characteristics and its specific 
environmental conditions. First, inbreeding and inbreed-
ing depression are not equally harmful across all plant spe-
cies, and some species exhibit very high selfing (Goodwil-
lie et al. 2005). The fitness consequences of inbreeding in 
a particular plant species are highly decisive for the fitness 
consequences of increased nectar attractiveness. Further-
more, when plant populations experience pollen limitation, 
either through insufficient pollinators or pollen donors, 
plants might benefit from increased fruiting success, even 
though selfing decreases the viability of offspring (Johnson 
and Nilson 1999). In contrast, individuals within popula-
tions with thorough pollination and high fruiting success, 
such as those we studied, can suffer from a strong fitness 
decline due to increased selfing, while fruiting success 
hardly increases. In these populations, the advantages 
of an increase in pollen removal and deposition follow-
ing a mutation for higher nectar AAs concentration would 
unlikely outweigh the negative consequences of increased 
self-pollination, especially since G. conopsea is highly 
susceptible to inbreeding depression through a strongly 
reduced seed production per fruit and lower germination 
rates (Sletvold et al. 2012b). These limited benefits of 
increased nectar attraction might also explain the absence 
of phenotypic selection on G. conopsea nectar AA concen-
trations (Gijbels et al. 2015).

Finally, our experiment also revealed that increased 
nutrient availability can alter patterns of pollination and 
reproductive success of plant populations. In contrast to 
Burkle and Irwin (2010), who found increased nectar 
production and sugar concentration, but no evidence that 
patterns of pollen transfer or reproductive success were 
altered, we found that nutrient addition can increase both 
fruit set and selfing. Nutrient pollution is generally detri-
mental to biodiversity, for instance owing to competitive 
exclusion through increased productivity or increased soil 
toxicity (Stevens et al. 2010; Ceulemans et al. 2014). Our 
results indicate that plant populations may also suffer from 
nutrient pollution through increasing levels of selfing fol-
lowing changes in pollination patterns. As nutrient pol-
lution is expected to increase in the future (Tilman et al. 
2001), possible detrimental effects on plant populations, 
through cascading changes in nectar composition and other 
floral traits, pollination patterns and selfing levels, merits 
attention in future research.
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