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Abstract Pollination of deceptive orchids has
enabled scientists to understand how these species
avoid inbreeding depression by reducing the number
of pollinator visits per inflorescence. In rewarding
species, which receive a higher rate of visits per plant,
geitonogamy is usually higher and therefore the risk of
inbreeding increases. In this study, we assess the
breeding system of the rewarding orchid A. corio-
phora, and the spatio-temporal changes in its fitness as
well as variation in nectar content after pollination.
We found that the species partially selects allogamous
pollen if pollinia from the same stalk and other plants
arrive to the stigma. Furthermore, when self-pollina-
tion occurs, despite successful fructification, seed
viability is significantly lower than that of cross-
pollinated plants. A. coriophora exhibits spatio-tem-
poral variation in fitness that does not correlate with
any plant feature. Moreover, nectar volume is reduced
after pollination, but the sugar concentration is
maintained. This study emphasizes how essential the
pre-zygotic and post-zygotic reproductive barriers are
for rewarding orchids to avoid inbreeding depression.
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Introduction

The strategies used by orchids to attract pollinators are
a key factor in their fitness, and the selective forces
that have driven their evolution are a key topic in
evolutionary biology. The species of the Orchidaceae
family are predominantly self-compatible (Gontijo
et al. 2010), but spontaneous self-mating is rare, and it
has been documented in only a few number of species
(Darwin 1887; Peter and Johnson 2009). In most cases,
fecundation is pollinator-mediated (Neiland and Wil-
cock 1995). The mechanisms by which orchids attract
pollinators have been studied for a long time due to the
extraordinary evolutionary success of deception.
Almost one-third of all orchids are reported to be
deceptive (Tremblay et al. 2005; Renner 2006), with
food deception [e.g. a wide range of species of Orchis
and Anacamptis genera; (Jersakova et al. 2009; Wong
et al. 2017)], sexual deception [e.g. Ophrys species
(Schiestl et al. 2000)] or oviposition deception [e.g.
Gastrodia species (Martos et al. 2015)] the most
common strategies. How deceptive strategies evolved
in the light of natural selection has been an intriguing
topic since Darwin (Darwin 1887).
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Deception usually implies a limited number of
pollinator species (Tremblay 1992) and in some cases,
species-specific pollinators (Aguado Martin et al.
2016). In the case of food deception, floral traits such
as showy colours in the corolla, nectar indicator
marks, or the presence of spurs induce pollinators to
visit the flowers (Jersakova et al. 2006). Nevertheless,
the evolutionary advantage of obligate deception is
intriguing, as these plants have a lower reproductive
output than rewarding plants (Neiland and Wilcock
1998; Schiestl 2005; Jacquemyn et al. 2009) due to the
scarcity of pollinator visits (Tremblay et al. 2005). The
most commonly accepted hypothesis to explain the
selective advantage of rewardless strategies is that
they favour cross-fertilization and reduce the risk of
inbreeding depression (Johnson and Nilsson 1999;
Johnson et al. 2004; Jersakova et al. 2006; Suetsugu
et al. 2015) especially in European orchids, for which
self-incompatibility has not been reported (Neiland
and Wilcock 1995). Pollinators are generally visiting
one or a few flowers per inflorescence in deceptive
species as they do not get any reward (Jersakova et al.
2006). This behaviour reduces the risk of geitonogamy
and enhances pollen transport among plants, which
may explain the evolutionary success of deception
(Jersakova and Johnson 2006) but see Kropf and
Renner (2008).

Less attention has been paid to the pollination of
rewarding orchid species (Smithson 2002; Johnson
et al. 2003; Internicola et al. 2006; Duffy and Stout
2011). Despite being less pollinator-limited (Jersa-
kova et al. 2006), but see Brys et al. (2008), rewarding
species are at high risk of selfing as pollinators usually
visit several flowers of the same inflorescence, thus,
the risk of inbreeding depression is considerable
(Jersakova et al. 2008). In self-compatible species,
seed quality and seed production are reported to
reduce after autogamous pollination events (Tremblay
et al. 2005; Jersakova et al. 2008). In this sense, both
fruit set and seed quality must be considered in
reproductive output studies. Many researchers have
aimed to assess whether the presence of nectar is
positively or negatively correlated with fitness of
orchid species and populations. For instance, Jersa-
kova et al. (2008) stated that the absence of nectar in
many orchid species was detrimental to pollination
success, but that lower fruit set values with good
quality seed production could be an optimal evolu-
tionary strategy for orchids. Similarly, Johnson and
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Nilsson (1999) observed an increase in pollen depo-
sition once Anacamptis morio and Orchis mascula
were nectar supplemented, but Smithson and Gigord
(2001) showed the opposite trend in Himantoglossum
robertianum. Interestingly, experiments assessing
how non-used nectar is reallocated in plant tissues
showed that sugars were reinvested in structures of the
pericarp in Platanthera chlorantha (Nepi and Stpic-
zynska 2007) and in ovules formation in Epipactis
palustris (Bednara et al. 1981), which implies not only
an energy-saving strategy but also an optimization of
fruit and embryo development.

Fruit set and seed set have been widely used as
fitness indicators for orchids, while few studies have
focussed on male function such as pollinia removal
rate, which is an easy-to-measure proxy for male
fitness (Anders Nilsson 1992; Parra-Tabla et al. 2000;
Capo et al. 2020b). These data are crucial to assess the
pollen transfer efficiency (PTE) and improper pollen
transfer (IPT) (Parra-Tabla et al. 2000; Tremblay and
Ackerman 2007; Duffy and Stout 2011), both of which
are related to pollination deficit or fidelity of the
pollinators to the target species. For instance, sexu-
ally-deceptive species experience less pollen loss than
food-deceptive species because of their strong speci-
fic-pollinator dependence (Scopece et al. 2015). On
other hand, we could hypothesize that male and female
fitness could vary between orchids that offer a reward
and orchids that deceive pollinators. Nevertheless,
both fruit set and seed viability could be affected by
the ecological context, such as climatic conditions
(Price et al. 2005), differential grazing impacts
(Cursach et al. 2013; Capd et al. 2020b) and the
density and composition of neighbouring co-flowering
plants (Jacquemyn and Brys 2010; Tremblay et al.
2010; Duffy and Stout 2011; Borras and Cursach
2020). Moreover, plant morphology and population
structure are also likely to be important. Parameters
such as plant height, inflorescence size, flower num-
ber, spur length, population size, flowering time and
canopy density have been demonstrated to affect or
influence fitness (Scopece et al. 2017; Capd et al.
2020a). Thus, monitoring of the within-species vari-
ation in individual fitness is important to obtain a more
realistic overview of the reproductive biology of these
species.

Mediterranean orchids are tuberous, herbaceous
plants with a winter—spring cycle and summer dor-
mancy (Blondel et al. 2010). The Balearic Islands
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archipelago, located in the western Mediterranean
basin, is home to approximately 40 Mediterranean
orchid species (Alomar et al. 1994); the reproductive
ecology and plant—pollinator interactions of these
species have received little investigation. We studied
Anacamptis coriophora, one of the few nectar-re-
warding orchid species native to the Balearic Islands,
to better understand the evolutionary advantage of
offering nectar as a reward to pollinators compared to
other deceptive species that live in the same habitats.
The specific aims of our work were (i) to evaluate the
breeding system of the A. coriophora species and the
interaction between autogamous and cross pollen on
the stigma; (ii) to analyse the spatio-temporal varia-
tions in both male and female fitness and identify the
relationships with biometric parameters (plant height,
inflorescence length and flower number) in three
different populations over three years and (iii) to
estimate the changes in both nectar quantity (volume)
and quality (°Brix) before and after pollination. The
hypotheses of this work are that (i) cross-pollination
would be favoured against self-pollination, even if
both outcross and self-pollen coexist in the stigma, (ii)
as a consequence of rewarding, inbreeding or late self-
incompatibility would appear in self-pollination
events, (iii) fitness would vary among years and sites
depending on their ecological factors, and biometric
parameters might influence to the pollinator visitation
rate and (iv) nectar volume and concentration would
be reduced after visitation to reinvest energy in other
plant tissues as observed in other orchid species.

Materials and methods
Study system

Anacamptis coriophora (L.) R.M.Bateman, Pridgeon
and M.W.Chase (= A. fragrans RM Bateman) is a
Mediterranean orchid species distributed throughout
the Mediterranean basin from the Balkans to Israel
(Vazquez Pardo 2009). The species is considered
endangered in some regions, including France (Ran-
kou 2011). The flowering stalks of A. coriophora are
ca. 14-37 (60) cm in height and can have 6-29 (100)
flowers. In the Balearic Islands, the first leaves sprout
in October; the flowering period begins between
March and April; and the leaf rosettes wither in early
June (pers. obs.). The habitat is very variable, from

Mediterranean shrublands on calcareous hillsides to
sand dunes (Smithson 2006). The co-flowering plants
in those habitats are diverse in both abundance and
floral traits.

This study was performed on the island of Mallorca
(Balearic Islands) where the species is widespread.
The populations studied were Son Bosc (39° 46’ N, 3°
07’ E), El Toro (39° 28’ N, 2° 29" E) and Xorrigo (39°
34'N, 2° 48’ E). A bagging experiment was carried out
to assess the breeding system in the Son Bosc
population, which consists of a diverse dune marsh-
land with a high number of individuals and many co-
flowering species (mainly Teucrium dunense Sennen,
Helichrysum stoechas (L.) Moench, Lotus cytisoides
L., Blackstonia perfoliata (L.) Huds. and Gladiolus
communis L.). Spontaneous pollination events were
assessed during 2016 and hand-pollination treatments
during 2018. The change in nectar content after
pollination was also analysed in the same population
during 2018.

Moreover, spatio-temporal variations in biometric
and reproductive parameters were assessed in Son
Bosc, El Toro and Xorrigo during 2015, 2016, 2017
and 2018 (n = 30 individuals per population per year).

Breeding system

The breeding system of A. coriophora was studied
following the methodology of Suetsugu et al. (2015)
and Smithson (2006). Bags with a mesh net of
1.20 mm were used for pollinator exclusion experi-
ments in Son Bosc in 2016 and 2018. In 2016,
agamospermy (n = 40) was assessed by emasculating
flowers and bagging them to avoid pollination (fruit
formation by asexual mechanisms); and spontaneous
self-pollination (n = 40) to determine the capacity of
the plant to self-reproduce with no pollinator activity.
During 2018, the study focussed on hand-pollination
treatments (by fecundation of treated flowers using a
single pair of pollinia in each treated flower), which
consisted of self-pollination (n = 42 flowers from 23
individuals), to test the self-compatibility of the plant
by hand-pollinating stigmas with pollen from the same
flower; cross-pollination (n =49 flowers from 29
individuals), to estimate cross-compatibility among
individuals of the same population by pollinating
stigmas with pollen from other plants within the same
population; and inter-population cross-pollination
(n = 46 flowers from 16 individuals), to assess if
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pollen from other populations had a different repro-
ductive efficiency to that of plants from the same
population, assessed by pollinating stigmas with
pollen from plants of populations > 10 km away.
Furthermore, to disentangle the capacity of gynoecium
to favour outcross over self-pollen, additional treat-
ments with both self and cross pollen were performed.
First, pollen from the same flower was used for hand-
pollination. After 4 h, the same flower was pollinated
by pollinia from another individual from the same
population (self 4 cross-pollination, n = 48 flowers
from 25 individuals). The effect of pollen competition
when allogamous pollination occurred first was also
studied (cross + self-pollination, n = 41 flowers from
21 individuals). Wind transport mechanisms were not
considered as wind-mediated pollen transport does not
occur in the Orchidaceae family (Jersakova et al.
2006). The experimental design consisted on bagging
the whole inflorescences and mixing different treated
flowers within the same inflorescence to avoid random
effects. Non-treated plants were used as control
individuals, coinciding with those used in the spatio-
temporal analysis (see below). The variables exam-
ined in this study were fruit set (defined as the number
of capsules formed in each treatment per total number
of flowers tested) and the percentage of viable seeds
(defined as the number of seeds with embryos per total
number of seeds counted) based on between 600 and
1100 seeds (or the entire seed content, if lower)
sampled randomly from each fruit (see the limitations
of seed set values for orchid reproductive studies in
Suetsugu et al. (2015).

Statistical analysis was performed in R version
3.3.2 (R Core Team 2019) via a generalized linear
model (GLM) using a binomial error structure and
logit link for all models, using fruit set and seed
viability as response variables. To assess the capacity
to reproduce without pollinators, pollination treat-
ments were used as predictor (using control, agamo-
spermy and spontaneous self-pollination as levels).
Distance of pollen origin was studied using pollination
treatments as predictor (using control, cross-pollina-
tion (within the same population) and inter-population
cross-pollination as levels). Also, to evaluate the
selection of pollen in the stigma; control, self-polli-
nation, self + cross-pollination, cross + self-pollina-
tion and cross-pollination were used as levels of the
pollination treatment predictor. To evaluate significant
differences, we used ‘Anova’ function (Type II) from
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the ‘car’ package (Fox and Weisberg 2019). Ad hoc
analysis was performed using ‘Ismeans’ function from
the ‘Ismeans’ package based on the Tukey t-test
calculation. Estimations of the inbreeding depression
index (J) and cumulative inbreeding depression index
(0.) were obtained using the formulae of Charlesworth
and Charlesworth (1987) and Capd et al. (2020b),
respectively, as follows:

0 = 1 — (self-pollination fitness traits/

cross-pollination fitness traits),

0. = 1 — ((self-pollination fruit set/
cross-pollination fruit set)
x (self-pollination percentage of viable seeds/
cross-pollination percentage of viable seeds)).

Moreover, we calculated the pollen limitation index
(PL) using the Larson and Barrett (2000) equation, as
follows:

PL =1
— (control fruit set/cross-pollination fruit set).

Spatio-temporal variation in natural populations

We measured 30 individuals from three populations
during 3 years (n = 90 individuals each year) consid-
ering three biometric parameters related to visibility of
the plant: (i) plant height (h), measured from the basal
part of the flowering stalk to the apex of the youngest
flower in the inflorescence; (ii) inflorescence length
(1), measured from the most basal flower to the apex;
and (iii) the number of flowers per inflorescence.
Plants were measured when the fruits were well-
developed, during seed development. The fruit and
seed set value was obtained by recording the number
of fruits formed in each inflorescence and the
percentage of viable seeds in 30 fruits from randomly
selected individuals.

Withered corollas were collected in each popula-
tion during senescence of the inflorescences, when the
fruits were completely formed. The samples were
observed at 10x under a stereomicroscope to deter-
mine the presence/absence of pollinia. If only one
pollinia was present, the event was considered a
pollinator visit but with only one pollinium exported.
Thus, the pollinia removal rate was calculated as the
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number of pollinia exported per total number of
pollinia of the individual.

Statistical analysis was conducted using a GLM
with a binomial error structure and logit link for fruit
set, seed viability percentage and pollinia removal
rate; a linear model (LM) with a normal error structure
for height and inflorescence length; and a GLM with a
Poisson error structure and log link for the number of
flowers. The explanatory variables were localities
(n=3), years (n =3) and the interaction between
localities and years, and the response variables were
height, inflorescence length, number of flowers, fruit
set percentage and pollinia removal rate. As men-
tioned above, significant differences among explana-
tory variables were analysed by ‘Anova” function
(Type II) from the ‘car’ package (Fox and Weisberg
2019) and Ad hoc analysis was executed using
‘Ismeans’ function from the ‘Ismeans’ package based
on the Tukey t-test calculation. Moreover, to examine
the correlations between both biometrical and ecolog-
ical parameters (height, inflorescence length, flower
number, fruit set and pollinia removal rate), a corre-
lation matrix was generated using ‘ggpairs’ function
from the ‘GGally’ package considering Spearman
rank coefficients.

Evaluation of nectar content after pollination

To assess the capacity of the species to reabsorb
remnant nectar from the spur after pollination, a
quantitative (volume) and qualitative (°Brix) analysis
of the nectar content was performed. Prior to the
flowering season, 20 flowers of the same age were
bagged to prevent visits. Ten flowers were hand-
pollinated with pollen from another individual (sim-
ulating cross-pollination) and 10 unpollinated flowers
were used as a non-visited group. Plants were bagged
after treatments. After 4 days, the flowers were
collected and nectar from the spurs was quantified
using micro-pipettes (Drummond Microcaps®) and
°Brix values were obtained using a refractometer
(Eclipse, Bellingham + Stanley™). Statistical anal-
ysis was conducted using a linear model considering
nectar volume and nectar concentration as response
variables and pollination treatment (open pollination
and hand pollination) as a predictor. Significant
differences and Ad hoc analysis were assessed as
explained in previous sections.

Results
Pollination system of A. coriophora

Bagging treatments are summarized in Fig. 1. Non-
assisted pollination treatments failed to set fruits by
both agamospermy and spontaneous selfing compared
to open-pollinated control individuals (df = 2,
;(2 = 350.93, p < 0.001). On the other side, distance
of the pollen origin showed higher fruit set in control
than in assisted treatments (df =2, Xz = 350.93,
p < 0.001) but no differences were detected between
intra-population and inter-population cross-pollina-
tion (r= — 0.49, p = 0.626) neither among treat-
ments for seed wviability (df =2, Xz = 494.29,
p < 0.001). Fruit set was similar between both pollen
selection treatments (Self 4+ Cross and Cross + Self)
and lower than control plants (df = 4, Xz = 118.24,
p < 0.001). Interestingly, seed viability was lower in
the self-pollination treatment than in other treatments
(df = 4, y* = 9627.2, p < 0.001).

The inbreeding depression index (8) values were
0.15 for fruit set, but 0.77 for seed viability percentage.
The resulting cumulative depression index obtained
from these values was 0.88. The pollen limitation
index was — 0.53, indicating that the amount of
pollinia arrived to flowers was higher in open-polli-
nated plants than in the treatments.

Spatio-temporal variations in plant traits
and reproductive success

The dry spring season with remarkable climatological
anomalies that occurred in 2016 (Ramis et al. 2017)
affected the flowering development of A. coriophora,
as observed for other orchid species in the same year
(Cap6 et al. 2020b). Localities with smaller popula-
tions as Xorrigo and El Toro did not flower in that
year. However, the population of Son Bosc showed a
good flowering event that year, possibly due to the
increased availability of water and wetter soils in this
locality, which is close to the s’ Albufera de Mallorca
wetland.

Plant traits were analysed using different models
(GLM or LM) and adjusting data depending on the
type of variables (normal, poisson or binomial types).
All statistical results are summarized in Table 1. The
drought observed in 2016 did not allow the El Toro
and Xorrigo populations to flower successfully.
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Fig. 1 Mean fruit set (above) and seed viability (below) in the bagging experiment. Error bars indicate standard error. Letters indicate

Tukey post hoc groups

However, plant traits were assessed that year in Son
Bosc population and showed high values for fruit set
(88.85 £ 1.04), pollinia removal rate (85.10 £ 1.50)
and seed viability percentage (54.55 £ 2.90). Height
and inflorescence length were significantly different
between the populations in 2017 (height, df = 2,
F =33.06, p <0.001; inflorescence length, df = 2,
F =21.26, p<0.001) and 2018 (height, df =2,
F =3647, p <0.001; inflorescence length, df = 2,
F =25.12, p < 0.001), but not between years com-
paring all populations (height, df =2, F = 0.64,
p = 0.526; inflorescence length, df =2, F = 2.428,
p = 0.109). The tallest plants with larger inflores-
cences were reported in Son Bosc every year (in 2018;
h=26.01cm 4 0.79 and [ = 8.63 cm + 0.43); the
plants at this site also had the maximum average
flower number (28). On other hand, El Toro and
Xorrigo showed similar values for all plant traits
studied (in 2018; & = 16.16 cm (&£ 0.86), 18.53 cm
(£ 1.26) and [ = 5.14 (£ 0.25) cm, 6.23 cm (£ 0.38),
respectively).

Plant fitness traits (fruit set, pollinia removal rate
and seed viability percentage) exhibited spatio-tem-
poral variation (Fig. 2). Fruit set showed the most
remarkable differences between years in El Toro
df=1, ;(2 =42.32, p < 0.001) where it varied from
21.84% (£ 3.85)in 2017 to 88.93% (£ 2.23) in 2018.
Pollinia removal rate increased among years (df = 1,
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y* = 42.32, p < 0.001), especially in Xorrigo and El
Toro. Seed viability percentage was similar among
populations (df =2, F =197, p =0.141), though
significant differences were observed between years
(df =2, F =11.96, p < 0.001) increasing in El Toro
and Xorrigo and maintaining in Son Bosc.

The correlation matrix for the monitored parame-
ters (Fig. 3) revealed significant correlations between
height and flower number (p = 0.70), height and
inflorescence size (p = 0.80), and flower number and
inflorescence size (p = 0.81), but reproductive traits
(fruit set, pollinia removal rate and seed viability
percentage) did not show any significant correlations
with biometric plant traits.

Nectar content after pollination

Four days after the pollination of non-visited flowers
was sufficient time to observe that corolla senescence
was faster in hand-pollinated flowers compared to
receptive flowers (pers. obsv.). As shown in Fig. 4,
hand-pollinated flowers had a significantly lower
nectar volume (max = 0.6 pL) than non-pollinated
flowers (min=0.7 pL; df=1, F=12.39,
p value = 0.002). In fact, of the 10 hand-pollinated
plants used in the experiment, only three of them
presented nectar in the spur (0.38, 0.59 and 0.60 pL)
four days after hand-pollination. Thus, the nectar
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Table 1 Analysis of the variance or deviance of fitness traits
(fruit set, percentage viable seeds and pollinia removal rate)
and biometric traits (height, inflorescence length and flower
number). Significance levels are indicated in bold and with
asterisks

df x? F P(F) /P
(X2)

Height (cm) - LM Normal
Year 1 2.17 0.14
Location 2 77.76 < 0.001***
Year:Location 2 0.64 0.52
Residuals 186

Inflorescence length (cm) - LM Normal
Year 1 0.92 0.33
Location 2 60.35 < 0.001%***
Year: location 2 2.42 0.09
Residuals 186

Flower number - GLM Poisson
Year 1 3.98 0.04*
Location 2 263.82 < 0.001**%*
Year: location 2 0.74 0.68
Residuals 186 356.21

Fruit set (%) - GLM Binomial
Year 2 402.68 < 0.001***
Location 2 391.21 < 0.001***
Year: location 2 92.14 < 0.001%%*
Residuals 188

Seed viability (%) - GLM Quasibinomial
Year 2 135.49 < 0.001%%*%*
Location 2 245.98 < 0.001%%**
Year: location 2 188.30 < 0.001***
Residuals 154

Pollinia removal rate (%) - GLM Quasibinomial
Year 1 783.26 < 0.007***
Location 2 340.95 < 0.001%*%*
Year: location 2 2776.46 < 0.001%%*%*
Residuals 197

concentration could only be assessed in those samples,
which limited the sample size to n = 3. Despite this,
the sugar content of hand-pollinated plants (30.00
°Brix + 5.75) was not significantly different

(t=0.11, df =3.43, p value = 0.916) to that of
receptive plants (29.25 °Brix £ 3.28).

Discussion
Reproductive success in a rewarding orchid

As it occurs in many orchids worldwide, particularly
European orchids (Neiland and Wilcock 1995), in A.
coriophora agamospermy and spontaneous selfing
failed, indicating this species depends on pollinators
to produce seeds. Furthermore, as observed for both
rewarding and rewardless orchids—and also A. corio-
phora as reported by Smithson (2006) and Dafni and
Ivri (1979)—the fruit set was similar in both self- and
cross-pollination treatments. Nevertheless, in our
target species seed viability differed significantly
between self- and cross-pollination, with a significant
reduction in seed viability after self-pollination. The
inbreeding depression index value for fruit set is low
(0.15), but early abortion of embryos observed in fruits
from selfing treatments notably increased the inbreed-
ing depression index in this stage (0.77). Thus, the
cumulative inbreeding depression index () for both
stages was 0.88, one of the highest inbreeding
depression index values reported for orchids (Smith-
son 2006), and similar to other rewarding species such
as Gymnadenia conopsea (Sletvold et al. 2012) but
much higher than in non-rewarding species. In this
sense, our results indicate that inbreeding depression
tends to be high in rewarding species according to
Charlesworth and Charlesworth (1987). Despite that,
Smithson (2006) did not find any differences in fitness
traits between rewarding and non-rewarding orchids.
In this scenario, A. coriophora is close to be
functionally self-sterile (only produce 18% of poten-
tial seeds in self treatments) unlike rewardless orchids
such as Anacamptis longicornu (Capd et al. 2020b) or
A. morio (Smithson 2006). It is not easy to assess
whether this massive failure in embryo development is
caused by inbreeding depression at this stage, which is
related to abortion due to high amount of deleterious
alleles (Sletvold et al. 2012) or by late-acting self-
incompatibility (LSI), which occurs when pollen
tubes are inhibited in the ovary before reaching the
ovules (Seavey and Bawa 1986; Borba et al. 2001).
More studies will be needed to identify the precise
genetic mechanism driving this process.
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The mechanism of LSI reduces the risk of inbreed-
ing depression via autogamy (either by intra-flower
self-pollination or geitonogamy) and promotes genetic
variability to next generations by reducing the pro-
portion of seeds that originate from selfing. As
explained above, this strategy differs to the processes
observed in many rewardless species (Harder and
Barrett 1995; Mitchell et al. 2004). Thus, rewarding A.
coriophora may have developed a mechanism con-
cordant with the hypothesis of inbreeding depression
avoidance as a driving evolutionary force (Jersakova
and Johnson 2006) taking into account that inbreeding
depression manifests itself in others stages of the plant
life besides seed formation. On the contrary, deception
in rewardless species would have promoted pre-
mating avoidance of inbreeding and LSI would not
necessarily originate. Moreover, no significant differ-
ences in fruit set and seed viability percentage were
observed between the combined pollen treatments
(Cross + Self and Self + Cross) for A. coriophora.
These results might indicate that in the scenario where
a stigma receives pollen from both self and cross
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origins, the allogamous pollen is preferably selected.
Pollen competition may help the plant to reduce the
risk of inbreeding, as reported by Armbruster and
Rogers (2004). This process acts as another barrier to
reduce the risk of selfing, as observed for seed viability
(see above). Indeed, our results indicate that seed
viability was similar between control flowers and the
cross-pollination treatments, and significantly higher
than that of the self-pollination treatment. If geitono-
gamy was a common process in nature, we would
expect lower seed viability in control fruits than those
from cross treatments.

On the other hand, the pollen limitation index had a
negative value, which may indicate that flowers
require the arrival of very large amounts of pollen to
be properly pollinated and that in the studied popu-
lation flowers presented no limitation in pollen arrival
to be properly pollinated. Indeed, we have observed
how a lot of pollinators visit many flowers of this
species and collect a large amount of pollinia on their
heads, in contrast to deceptive species (Fig. 5) in
which it is very difficult to observe pollinator visits.
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Fig. 3 Correlation matrix for plant features and fitness traits.
Numbers above the diagonal indicate the Spearman correlation
coefficients. The distribution of each trait is shown on the

This behaviour allows the arrival of large amounts of
pollen, in the course of a single pollinator visit, which
reduces the risk of pollen limitation and increases the
probability of receiving pollen from different
individuals.

Outbreeding depression is a good indicator of
population isolation and can provide information on

diagonal and the correlation plot is shown below the diagonal.
Colours indicate localities: Overall (black), El Toro (red), Son
Bosc (green) and Xorrigo (blue)

gene flow i.e. in studies of narrowly distributed species
(Lara-Ruiz et al. 2008; Cursach and Rita 2012;
Sletvold et al. 2012). Outbreeding depression can be
higher in rewarding orchids, as pollinators may tend to
move less among populations (Jacquemyn and Brys
2010; Suetsugu et al. 2015). However, the inter-
population outcrossing treatment did not indicate a
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Fig. 5 Image of Anacamptis coriophora flowering stalk being
pollinated by Megascolia bidens (Scoliidae) carrying a high
number of pollinia likely from both the same and other plants

risk of exogamic depression for A. coriophora, and in
this sense, our results show that populations can
outcross despite being separated by long distances. At
the same time, we did not find any pattern related to
heterosis (that is, fixation of deleterious alleles by
genetic drift). Therefore, these results indicate a good
connection by gene flow which is important for
conservation management in areas where the species
is rare and law protected (Smithson 2006; Sletvold
et al. 2012).

Effects of spatio-temporal changes in plant traits
and reproductive success

The populations included in our study exhibited high
spatio-temporal variations in biometric plant traits and
fitness, probably due to meteorological conditions (in
the case of plant traits) and pollinator activity (fitness
traits). The population of Son Bosc had the highest
plant trait and fitness trait values in all years studied. In
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particular, this locality has a high richness of both
plant and pollinator species (Traveset et al. 2018),
which is mainly caused by the optimal abiotic context
and meteorological conditions.

The characteristics of Son Bosc site enable target
species to benefit from an abundance of pollinators.
Due to the high abundance of pollinators and co-
flowering species (including other orchids such as
Anacamptis robusta or Serapias parviflora), it is
plausible that a large proportion of pollen may not
reach to a conspecific stigma. However, as shown in
Fig. 2, the species showed a high fruit set and pollinia
removal rate values. In other populations such as El
Toro and Xorrigo—where the drier soils are more
sensitive to changes in the precipitation between years
and there is probably a lower abundance of pollina-
tors—the fruit set and pollinia removal rates signifi-
cantly exhibited variability between years. Overall,
the fruit set and pollinia removal rates were very high,
as expected for a rewarding orchid (Jersakova et al.
20006).

Fitness in orchids has been correlated with other
phenotypic traits, such as the inflorescence size, as
reported for Cephalanthera falcata by Suetsugu et al.
(2015) and A. longicornu by Capé et al. (2020b), the
spur length as seen in A. morio by Zitari et al. (2011),
the number of flowers (Johnson and Nilsson 1999) or
the brightness of the corolla (Sletvold et al. 2016). In
the case of A. coriophora, no correlations were
observed between fitness and any plant features,
height, inflorescence length or flower number even
considering correlations within populations (Fig. 3).
These results showed the opposite result than others
performed at the same time in populations from
France, where plant height was positively correlated
with fruit set (Joffard et al. 2020). The lack of a
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correlation between the studied plant traits and fitness
features may be caused by the selection of other
strategies to attract pollinators such as the production
of nectar or synthesis of sweet fragrances. Indeed,
individuals of A. coriophora subsp. fragrans that
emitted high amounts of some volatiles showed the
higher fruit set values (Joffard et al. 2020).

Pollination regulates the nectar content

Nectar production is costly and requires a high
investment of resources (Dafni and Ivri 1979), which
are eventually reallocated to other functions when
pollination is accomplished (Luyt and Johnson 2002).
In this experiment, the nectar content decreased when
pollination was performed, though the sugar concen-
tration was maintained. Thus, the species might
relocate sugar and water present in the spur when
fecundation is complete. Further studies are necessary
to disentangle whether the nectar reabsorbed is
relocated to reproductive tissues as observed in other
orchid species (Bednara et al. 1981; Nepi and
Stpiczyniska 2007) and if this phenomenon can
influence to plant fitness.

Conclusions

The rewarding A. coriophora is close to be self-sterile
because only a few seeds produced following self-
fertilization are viable, unlike deceptive orchids. This
species might prevent selfing through two mecha-
nisms: massive post-zygotic failure in the formation of
seed embryos and a likely pre-zygotic barrier favour-
ing allopollen. However, this observation could also
be related to inbreeding depression. On other hand, the
long periods in which flowers are receptive allow the
arrival of high amounts of pollen from other individ-
uals and facilitate cross-pollination. In this sense, the
large numbers of pollinia transported by pollinators
and recurrent flower visits saturate the stigmas with
pollen from different origins, which reduces selfing.
Thus, this species avoids geitonogamy as it is often the
case for non-rewarding orchids but through different
mechanisms: by maximizing pollinator visits but
setting up pre- and post-zygotic barriers to selfing vs
minimizing the number of pollinator visits per inflo-
rescence in non-rewarding species. Further studies
must focus on the presence and evolutionary

advantages of nectar vs. deception strategies consid-
ering that inbreeding depression can be avoided in
both cases. Our results indicate that the populations
exhibit variation in both plant features (caused by
ecological conditions) and plant fitness (due to polli-
nator activity) between years and localities. Contrary
to what has been reported for many orchid species, no
significant correlation was observed between any plant
feature and fitness even within populations. Consid-
ering the role of nectar production, relocation of
compounds once the flower is pollinated was
observed, but further studies must focus on disentan-
gling its role in the breeding system of this species.
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