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Introduction

The pollination effectiveness of a flower visitor estimates its con-
tribution the plant’s reproductive success (Ne’eman ez al., 20105
Schupp etal., 2017). An accurate assessment of its magnitude is
crucial to understand the ecology and evolution of plant—pollina-
tor interactions (Wilcock & Neiland, 2002). Determining the
variation in pollination effectiveness may help to identify which
flower visitors act as true pollinators against those providing very
low benefit to their host plants or even being involved in floral
larceny (Inouye, 1980; Herrera, 1987; Maloof & Inouye, 2000;
Rodriguez-Rodriguez et al., 2013; Armbruster, 2014), to ascer-
tain which pollinators contribute most to seed yield in crops
(Rader ezal., 2012), or to improve the reliability and predictive
power of network analyses in plant—pollinator interaction studies
(Ballantyne ez al., 2015, 2017; Tur etal, 2016; Willcox ez al.,
2017). From an evolutionary point of view, it may provide
important information on the strength of the selective pressures
exerted by each flower visitor (Gomez & Zamora, 1999; Van
Der Niet ez al., 2014; Ollerton et al., 2015).

Pollination effectiveness is composed of two components: a
quantity component QNC and a quality component QLC (Her-
rera, 1987, 1989; Schupp et al., 2017). The QNC, measures the
number of pollen grains deposited on a stigma by the population
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Summary

e The pollination effectiveness of a flower visitor has traditionally been measured as the pro-
duct of a quantity component that depends on the frequency of interaction and a quality
component that measures the per-visit effects on plant reproduction. We propose that this
could be complemented with a genetic component informing about each pollinator's contri-
bution to the genetic diversity and composition of the plant progeny.

¢ We measured the quantity and quality components of effectiveness of most pollinator func-
tional groups of the generalist herb Erysimum mediohispanicum. We used 10 microsatellite
markers to calculate the genetic component as the diversity of sires among siblings and
included it into the calculation of the pollination effectiveness.

e Functional groups varied in the quantity and quality components, which were shown to be
decoupled. Functional groups also differed in the genetic component. This component
changed the estimates of pollination effectiveness, increasing the differences between some
functional groups and modifying the pollination effectiveness landscape.

e We demonstrate that including the genetic component in the calculation of the pollination
effectiveness may allow a more complete quantification of the contribution of each pollinator
to the reproductive success of a plant, providing information on its mating patterns and long-
term fitness.

of a given pollinator. This component depends on the frequency
of interaction (Fig. 1) which correlates with the importance of
pollinators in some plant communities (Ballantyne ez 4/, 2017),
and has been considered a good predictor of the total effect that
pollinators have on plant reproduction (Vazquez eral, 2005,
2015). However, this relationship is not universal because not
always the most abundant pollinators are the most effective (Per-
fectti eral., 2009; King ez al., 2013), implying that information
on the per-visit quality of the interaction is needed to get an accu-
rate evaluation of the role played by each pollinator species on
plant reproduction. The QLC is the probability of an ovule pro-
ducing a viable seed after a single visit to a flower (Fig. 1; Schupp
etal., 2017). This component has been determined using differ-
ent surrogates corresponding to the diverse phases of pollination
after pollen deposition such as the proportion of pollen grains
developing pollen tubes (Alonso ezal, 2011). However, more
complete estimates of QLC are those considering post-
pollination stages of the interaction, such as the proportion of
fruit set (Brittain ez a/., 2013) and, most importantly, the produc-
tion of seeds or even seedlings after a single visit (Mayfield ez al,
2001; Rodriguez-Rodriguez ez al., 2013; Bruckman & Campbell,
2014; Wang ez al., 2017).

Although these estimates provide useful information about
the effects of pollinators on the reproduction of plants, they
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Fig. 1 Processes involved in the pollination effectiveness. At the top, grey boxes highlight each component of pollination effectiveness as quantified in this

work. Quantity component: A, number of insect visits to a plant; B, per-plant number of contacted flowers. Quality component: C, fruiting probability; D,

proportion of ovules setting seeds; E, germination success. Genetic component: F, per-fruit diversity of sires. Coloured symbols indicate the identity of each
pollen donor. Failure in ovule fertilization and seed germination is denoted with the *x' symbol.

overlook some other subtle processes that may influence the evo-
lution of plant populations. Specifically, several features of polli-
nators such as the plant visitation pattern, carryover capacity or
their ability to promote self-pollination may result in the trans-
ference of mixed pollen loads differing in genetic composition
(Bernasconi, 2003; Pannell & Labouche, 2013; Barretr &
Harder, 2017; Rhodes ezal., 2017). Genetically diverse pollen
loads provide the appropriate environments for pollen competi-
tion (Marshall & Folsom, 1991; Marshall ez /., 2007), influenc-
ing the quality component of effectiveness in multiple ways. For
example, it can increase the number of fertilized ovules by
enhancing the germination of compatible pollen (Montalvo,
1992) and the production of more vigorous offspring (Gémez,
2000; Herrera, 2000; Rostas ez al., 2018). Moreover, it also can
result in multple paternity within the same fruic (Ellstrand,
1984). Multiple paternity can mitigate the effects of pollen limi-
tation when seed set is limited by the quality rather than the
quantity of pollen (Aizen & Harder, 2007). It also allows female
plants to choose among diverse male gametophytes through
post-zygotic mechanisms (Pannell & Labouche, 2013) and to
allocate more resources to multiply sired fruits, resulting in
more and larger seeds with better competitive abilities and ger-
mination probabilities (Marshall & Ellstrand, 1986). Multdiple
paternity reduces biparental inbreeding among nearby half-
siblings in those plants with limited seed dispersal (Griffin &
Eckert, 2003). Finally, multiple paternity increases the likeli-
hood of favourable combinations of genotypes within the
progeny (Paschke eral, 2002), offering the opportunity to
hedge bets by spreading the risk of failure mating (Cohen,
1966; Simons, 2011; Garcia-Gonzalez eral, 2014; Yasui &
Garcia-Gonzalez, 2016). Despite the many benefits for plant
reproductive success, the ability of pollinators to cause within-
fruit multiple paternities traditionally has been overlooked when
estimating pollination effectiveness (Rhodes ez /., 2017).

© 2019 The Authors
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We propose that the pollinator-mediated genetic composi-
tion of a plant’s progeny can be considered a new component
for the calculation of pollination effectiveness. This genetic
component (GNC) gathers information about relevant patterns
of pollen flow for plant reproduction such as the distance of
pollination (Price & Waser, 1979; Castilla ez /., 2017), immi-
grant pollen flow (Dudash, 1990) or patterns of assortative
mating (Kennedy ezal, 2006). But perhaps the simplest and
less controversial information derived from this component is
the diversity of sires (Rhodes ezal, 2017). When the GNC is
calculated as the diversity of sires, the genetically oriented effec-
tiveness can be interpreted as the diversity of plant genotypes
produced by the population of a given pollinator. In this way,
the genetic component gives a more comprehensive estimate of
effectiveness that takes into account the evolutionary potential
of the interaction.

In the present study we explore the consequences of
considering the genetic component on the final assessment of
pollination effectiveness. We use as model system Erysimum
mediobispanicum (Brassicaceae), a Mediterranean herb displaying
a generalist pollination system (Gomez eral., 2009b, 2014). In
generalist systems, pollinators differ not only in their abundance
at flowers but also in important functional traits that may affect
their pollination effectiveness, such as foraging behaviour, floral
fidelity or the morphological fit to the reproductive structures of
flowers (Brosi & Briggs, 2013). We performed a comprehensive
estimation of the QNC and QLC of most insect species visiting
the flowers of E. mediohispanicum. Using paternity analyses we
characterized the GNC as the within-fruit diversity of sires pro-
duced after a single pollination event. We hypothesize that
including the GNC into the standard effectiveness framework
will provide information on the role of each pollinator to the
mating portfolio of plants (Barrett & Harder, 2017) and will give

a more complete estimate of its pollination effectiveness. We
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argue that future studies on pollination effectiveness should con-
sider genetic aspects of the progeny to inform not only about the
early demographic consequences of the interaction but also to
include other aspects as the contribution of each pollinator to the
mating patterns and the long-term fitness of the plant.

Materials and Methods

Study system and area of study

Erysimum mediohispanicum Polatschek (Brassicaceae) is a biennial
plant endemic to montane areas of the Iberian Peninsula. Indi-
viduals grow vegetatively for 2-3 yr and flower from May to July,
developing one to eight flowering stalks. Flowers develop sequen-
tially, from bottom to top along the stalks. These are
hermaphrodite and partially self-compatible (Abdelaziz ezal.,
2014). Nevertheless, this species requires the assistance of pollina-
tors to produce full seed set (Gémez, 2005). Its pollination sys-
tem is highly generalist, with several hundred insect species
visiting their flowers (Gémez ez al., 2009a,b) which can be clus-
tered into 23 functional groups (see Supporting Information
Table S1; Valverde ez al., 2016b). Following Fenster ez al. (2004),
we considered a functional group as a group of pollinators exert-
ing similar selective pressures on flower traits. Functional groups
are internally coherent based on pollinator similarities in flower
handling, size or morphological fit with the flower (see example
in Table S2).

This study was conducted between 2010 and 2013 at the
Sierra Nevada Protected Area (south-east Spain), in a medium—
high mountain Mediterranean-type ecosystem. The study was
performed in two localities within the area of distribution of
E. mediobispanicum: a natural population situated in an open
woodland (37°8'07" N, 3°21’71"W, 1723 m above sea level
(asl), 2010 and 2011; see Valverde et al., 2016a for more details),
and at the Hoya de Pedraza Botanical Garden (37°6'41"N,
3°26'13" W, 1950 m asl, 2011-2013).

Quantity component

We assessed the QNC of each functional group as its per-flower
visitation rate. For this, we considered two multiplicative sub-
components: plant visitation rate (number of insects visiting a
plant during 5 min) and the per-plant number of contacted flow-
ers (Fig. 1). The QNC was quantified in 2010 and 2011 at the
natural population. The first subcomponent was obtained by sur-
veys of 5 min on 200 focal plants (100 per year in 2010 and
2011). We performed these surveys daily along the whole flower-
ing season and from one to four times per day within the time
frame 11:00 h and 18:00 h (Valverde ezal, 2014, 2016b). The
second subcomponent was recorded on randomly selected insects
foraging on the flowers of E. mediobispanicum. Some insects
stayed at a plant for > 5 min. In those cases, we used the average
flower handling time of the corresponding functional group to
estimate the per-plant number of contacted flowers in 5 min.
Handling times were measured on some foraging bouts using a
digital stopwatch.
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Quality component

We quantified the QLC as the probability of an ovule of producing
a viable seed after a single visit to a flower. For this we considered
three multiplicative subcomponents: fruit set (fruiting probability),
seed set (proportion of ovules setting seeds) and germination suc-
cess (Fig. 1). The QLC was quantified from 2011 to 2013 at the
Hoya de Pedraza Botanical Garden through single-visit experi-
ments. We used 50 flowering plants from random seeds collected
from the population in 2010 and grown in nurseries containing
the same soil and water supply. These plants were excluded from
pollinators using fine mesh tents (¢. 160-um mesh aperture;
BugDorm-2120; MegaView Co. Ltd, Taichung, Taiwan). Each
time a plant was exposed to flower visitors, each visitor was allowed
to contact up to three virgin flowers. After a visit, the contacted
flowers were marked with coloured cotton threads. We pho-
tographed each visitation event to identify the insect species.

We recorded the proportion of those flowers setting fruit. After-
wards, we recorded the proportion of ovules setting seeds (seed
set) and the proportion of fertilized ovules aborted (abortion rate)
of each of the produced fruits. Under a stereo microscope, fertil-
ized ovules are distinguished from unfertilized ovules for being
bigger and darker. Viable seeds have a uniform shining brown
colour, and are healthy in appearance, whereas aborted seeds are
wrinkled and of smaller size. Finally, we assessed the germinability
of those seeds produced by the four most effective functional
groups (see Results) using all seeds from the fruits yielding more
than four seeds (long-tongued beeflies =18 fruits; long-tongued
large bees=50; short-tongued large bees=13; short-tongued
medium bees=8). Seeds were sown in seedling trays in a
glasshouse under homogeneous light and water supply, and their
germination success recorded during the following two months.

In addition, we performed three pollination treatments in each
of the experimental plants: an outcrossing treatment, in which
pollen from three individuals was added to a virgin stigma; a self-
ing treatment, in which pollen from the same flower was added to
a stigma; and a procedural control, in which no pollen was added.
In all treatments petals were cut off to prevent further visits. All
treatments were performed at least twice along the flowering stalk
to account for the possible effects of flower position caused by
resource allocation (Wesselingh, 2006; Collin ¢z al., 2009).

Genetic component

For long-tongued beeflies and short- and long-tongued large bees
(the three functional groups showing the highest QNC x QLC
values), we identified the sire of each seed produced after a single
visit to a flower. This allowed quantification of three genetic
parameters: the per-fruit diversity of sires, the pollination distance
and the per-fruit proportion of seeds sired by immigrant pollen.
During 2012, we set up two plots of plants at the Hoya de
Pedraza Botanical Garden that served as pollen donors. Each plot
consisted of 49 plants in a regular 7 x 7 grid with 0.5-m spacing
between plants (Fig. S1). Plots were 10.3 m away from each other
and > 50 m from the nearest E. mediobispanicum individuals grow-
ing naturally. To ensure homogeneous light conditions and avoid
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interference with other plant species, the plots were placed in an
open field on a bare soil. Pollen donors originated from randomly
chosen seeds from the natural population in 2010. As mother
plants we used 20 plants used previously to calculate the QLC.
Similar to the QLC experiment, these were kept isolated from pol-
linators. Each time they were exposed, they were randomly placed
at specified spots located 0.5m from the border of any plot
(Fig. S1). The fruits produced after single visits to virgin flowers
were collected and their seeds planted as explained above. Maternal
plants, pollen donors and at least four seeds (seedlings) per fruit
from a set of randomly chosen fruits were genotyped using 10
unlinked nuclear microsatellites loci (Munoz-Pajares ez al., 2011).

We performed paternity analyses using the exclusion method
in CERVUS v.3.0 (Marshall ez al., 1998). After 50 000 simulations
we calculated strict and relaxed thresholds (95% and 80%,
respectively) for the likelihood-odds ratio scores (LOD) and for
the LOD difference between the two most likely pollen donors
(A). We assumed an error rate of 0.20 based on the observed
maternal—offspring genotype mismatches (Table S3). We set the
proportion of genotyped males to 0.88 as we successfully geno-
typed 86 of the 98 pollen donors. Finally, based on our data, the
proportion of typed loci was set to 0.93. Seeds with fewer than
five loci genotyped were not considered.

In this way, a pollen donor was correctly assigned as a sire if
LOD and A were higher than their respective strict thresholds,
and unassigned if LOD was lower than the relaxed threshold.
Different LOD and A scores than the latter may indicate allelic
mismatches between the seed and the potential pollen donor. In
such cases we checked if such mismatches were due to null alleles,
otherwise such a pollen donor was declined as the sire. Because
we could not successfully genotype all pollen donors, unassigned
seeds may have been sired by either nongenotyped individuals
from the plots or by immigrant pollen. To distinguish between
these two possibilities, we used the GENECLAsS2 software (Piry
etal., 2004) to calculate the likelihood of the paternal fraction of
each seed genotype belonging to the genetic pool of the plots.
For this calculation, we simulated gamete genotypes from the
plots using the allelic frequencies from the genotyped pollen
donors (Paetkau ez 2l.,, 1995, 2004).

We estimated the per-fruit diversity of sires using the Hurl-
bert’s Probability of Interspecific Encounter (PIE; Hurlbert,
1971). Here, this index measures the probability that two ran-
domly sampled seeds from a fruit have two different sires. It
ranges from 0, when progeny is formed by full siblings (all share
the same sire) to 1, when progeny is formed by half-siblings (each
seed has a different sire). For those seeds sired by nongenotyped
pollen donors, we considered a sole dummy sire and for those
sired by immigrant pollen a different dummy sire. Because this
may underestimate the contribution of nongenotyped sires, we
omitted those fruits producing more than two seeds from
dummy sires. We cross-validated this measure with the correla-
tion of paternity (Fs; Hardy eral, 2004) —the probability of
paternal identity among siblings— using KINDIST (Robledo-
Arnuncio et al., 2007).

In order to calculate the pollination distance we used the spa-
tial location of sires and mother plants at the moment of the

© 2019 The Authors
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pollination event. Finally, the per-fruit proportion of immigrant
pollen was obtained directly from the estimated number of seeds
assigned to dummy sires outside any of the plots (>50 m).
Although these two aspects are part of the genetic component, we
considered only the diversity of sires in its calculation.

Pollination effectiveness

We first calculated the pollination effectiveness for each pollina-
tor functional group by multiplying the quantity and quality
components (QNC x QLC). To estimate the mean and the 95%
confidence interval of this product we used the bootstrap-based
method of Reynolds & Fenster (2008) by means of 100 simula-
tions, each consisting in 5000 bootstrap resamples of the original
data. We plotted the effectiveness values in a pollination effec-
tiveness landscape, a 2D plot that connect by means of isoclines
all combinations of QNC and QLC yielding the same effective-
ness values (Schupp ez al., 2017). Because of the high consistency
among simulations (see Results), we randomly chose one to be
represented in the effectiveness landscape.

Afterwards, we recalculated the pollination effectiveness of
long-tongued beeflies and short- and long-tongued large bees by
incorporating GNC as an additional multiplicative component
(QNC x QLC x GNC). These results also were represented in a
pollination landscape plotting QNC x QLC against GNC.

Statistical analyses

We compared QNC and QLC among functional groups using
generalized mixed models and the cimmapme (Fournier eral.,
2012) and LMER (Bates eral., 2015) packages in R. For the plant
visitation rate, we used the data of those plants with more than
five visits and used a zero-inflated Poisson distribution, whereas
for the per-plant number of contacted flowers we used a standard
Poisson distribution. In both cases we clumped data from the
years 2010 and 2011 because of the low interannual variation in
pollinator assemblages (Valverde ez al., 2016b) and corrected by
the number of open flowers by setting its natural logarithm as an
offset variable in the statistical models. The number of open flow-
ers per day was assessed by periodically recording the number of
open flowers and using local polynomial functions to estimate
each plant’s flowering curve (Valverde ez al., 2016b).

Fruit set was analysed using a binomial distribution, whereas
the seed set and the abortion rate were analysed using a quasi-
binomial and logit link function. Because germination success
was 100% in all treatments, we did not analyse this subcompo-
nent. In all cases, we used plant identity as random variable and
post hoc multiple comparisons using Tukey’s range test and Bon-
ferroni correction (R/mMuLTCOMP package; Hothorn ez al., 2008).

The per-fruit diversity of sires, the correlation of paternity and
the per-fruit proportion of seeds sired by immigrant pollen were
compared between functional groups using the two-sample per-
mutational Wilcoxon test (R/PERM package; Fay & Shaw, 2010).
We used this test due to the small sample size after clumping
genotypes by fruit. Within-plot pollination distances (0—4.5 m)
were compared using the Kolmogorov—Smirnov U-test.

New Phytologist (2019) 223: 354-365
www.newphytologist.com



358 Research

Data accessibility

Raw data are available at 10.6084/m9.figshare.7692350.

Results

Quantity component

We recorded 2022 plant visits (889 visits, 21 735 min of survey
in 2010; 1133 visits, 22 240 min in 2011). Of these visits, 27%
were performed by long-tongued beeflies, which were signifi-
cantly the most common visitors (|4 =2.65-9.63, P<0.005;
Fig. 2a; Tables S4, S5). The next most common visitors were
small beetles, at 23.6% of the visits, and short-tongued large bees,
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at 15.9%. By contrast, the per-plant number of contacted flowers
was more evenly distributed among functional groups, being
highest for long-tongued beeflies (Fig. 2b; Table S4) but not sig-
nificantly different from long-tongued large bees and short-
tongued large bees (|2 = 0.42-2.04, P=1; Table S6). The rest of
the functional groups visited on average fewer than three flowers
per plant.

Quality component

We obtained data from 947 flowers (Table S4). The outcross-
ing treatment performed better for all subcomponents, being
significantly higher than all functional groups for the seed set
(|2 = 4.43-20.22, P<0.05; Fig.2¢c; Tables S4, S7). However,
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Fig.2 Quantity and quality subcomponents of pollination effectiveness of the pollinator assemblage of Erysimum mediohispanicum. Quantity
subcomponents: (a) plant visitation rate; (b) per-plant number of contacted flowers. Quality subcomponents: (c) fruit set; (d) seed set. Mean values after
5000 bootstrap resamples are shown for pollination treatments (grey circles), the four most effective pollinator functional groups (white circles) and the
rest of the pollinator functional groups (black circles). Error bars represent the 95% confidence interval of the mean. Pollinator functional groups are
ordered following their effectiveness calculated as the product of the quantity and the quality components. Letters denote significant differences between
groups after post hoc multiple comparisons. Silhouettes correspond to the four most effective pollinator functional groups.
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the selfing treatment and the procedural control showed the
lowest values in all the subcomponents (fruit set<0.29, seed
set <0.07). Long-tongued large bees, short-tongued large and
medium-sized bees and long-tongued beeflies stand out in
quality (Fig.2c,d). Fruit set was higher in short- and long-
tongued large bees and in large hoverflies (Fig. 2c; Tables S4,
S8), with values similar to the outcrossing treatment
(|2 = 1.35-2.47, P=1). Seed set was significantly higher in
flowers pollinated by short- and long-tongued large bees than
the groups (|2 =3.56-9.48, P<0.03;
Fig. 2d; Tables S4, S7). Abortion rate was low and similar to
the outcrossing treatment in all functional groups except in
large hoverflies (Fig. S2).

rest of functional

Genetic component

A total of 180 seeds (36 fruits), 20 mother plants and 86 poten-
tial pollen donors were successfully genotyped for at least five
loci. Paternity analyses assigned a sire to 121 (62%) seeds
(LOD>4.48; A>1.48; Table S9) from which five presented
allelic mismatches with the alleged sire. This led to 64 unassigned
seeds from which 32 were assigned to a parent after checking for
allelic mismatches, and 32 were kept unassigned. From the latter,
21 were inferred to have been sired by immigrant pollen. All this
resulted in 82% of the seeds assigned to a sire, 6% being sired by
a nongenotyped pollen donor from the plot, and 12% being sired
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by immigrant pollen. We did not find any evidence of selfed
seeds.

The diversity of sires was significantly higher in those fruits
produced after a visit of long-tongued beeflies than after a visit of
long-tongued large bees (|4 =2.21, P<0.03; Fig. 3a; Tables $4,
S10). This pattern was validated by the correlation of paternity,
which was significantly higher in long-tongued large bees
(F5=0.56£0.33) than in long-tongued beeflies (F5=0.20 +
0.24; |4 =2.68, P=0.007). Most pollinations occurred within
plot (80-82.5%, Table S11), followed by immigrant pollen
(10.5-12.4%) and between plots (5.2-8.9%). The within-plot
pollination distances of the three functional groups differed from
the potential pollination distances (D=0.47-0.55, P<0.001).
Long-tongued large bees moved pollen the shortest distances
(mean = 1.15 m; Fig. 3¢; Table S11), which differed significantly
from the pollen-moving distances of short-tongued large bees
(mean=1.92 m; D=0.29, P=0.049). Finally, the per-fruit pro-
portion of seeds sired by immigrant pollen did not differ signifi-
cantly among any pair of functional groups (|z/=0.11-0.41;
P>0.683; Table S10).

Pollination effectiveness

Our estimates of the pollination effectiveness were highly consis-
tent among simulations, both with and without the genetic com-

ponent (CV <4.56%; Table S12). The product of QNC and
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Fig. 3 Genetic subcomponents of the three
most effective pollinator functional groups of
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QLC showed that long-tongued beeflies were the most effective
pollinators of E. mediohispanicum (Table 1; Fig. 4a), due mainly
to the QNC, which was eight times greater than that of the sec-
ond most effective pollinators. The next most effective pollinators
were short- and long-tongued large bees, which showed similar
values of pollination effectiveness (Table 1; Fig. 4a). Short-
tongued medium-sized bees had a slightly lower value of effec-
tiveness than the three previous groups of pollinators. The rest of
groups showed lower values of effectiveness (< 0.38), particularly
butterflies, small and large hoverflies, and large flies (<0.01;
Table S12; Fig. 4a).

The inclusion of GNC increased the differences between
functional groups in effectiveness. Whereas effectiveness of

New
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long-tongued beeflies was four times higher than the effective-
ness of the other two functional groups when considering only
QNC x QLC, the differences between long-tongued beeflies
and long-tongued large bees increased to >6.5 times after
including GNC into the calculation of pollination effective-
ness (Table1). Most important, although short- and long-
tongued large bees showed the same effectiveness without
GNC, the inclusion of this component reduced the effective-
ness of long-tongued large bees in relation to that of short-
tongued large bees (Table1). As a consequence, the pollina-
tion effectiveness of long-tongued large bees (0.60 x 1072)

was lower than the 2.5™ percentile of short-tongued large bees
(0.69 x 1072).

Table 1 Pollination effectiveness of the three most effective pollinator functional groups of Erysimum mediohispancum.

Functional group QNC QLC GNC QNC x QLC (1072) QNC x QLC x GNC (1072)
Long-tongued beeflies 0.69+0.03 0.08 +0.01 0.76 £0.23 5.16 (3.91-6.57) 3.93(2.79-5.25)
Short-tongued large bees 0.08 £0.01 0.17 £0.02 0.72+0.21 1.37 (1.04-1.77) 0.99 (0.69-1.35)
Long-tongued large bees 0.08 +0.01 0.16+0.01 0.47+£0.34 1.26 (0.98-1.59) 0.60 (0.38-0.85)

Effectiveness components: QNC, quantity component; QLC, quality component; GNC, genetic component. These values correspond to the mean and
standard deviation of one simulation. Pollination effectiveness values before (QNC x QLC) and after including the genetic component
(QNC x QLC x GNC) correspond to the mean and the 2.5 and 97.5™ percentiles of the estimates obtained in 100 simulations, respectively.
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Discussion

The decoupling of the quantity and quality components of
effectiveness

Our study reveals that the pollination effectiveness (quantity
times quality components; QNC x QLC) of the four major
functional groups of pollinators, that is, long-tongued beeflies,
short- and long-tongued large bees, and short-tongued medium
bees, accounted for the 94% of the effectiveness, indicating
that most of the reproduction of Erysimum mediobispanicum in
the natural population under study was carried out by these
pollinators. This suggests that the degree of generalization of
E. mediobispanicum strongly shrinks when considering the
effectiveness of pollinators, a phenomenon previously reported
in other systems (Herrera, 1989; Goémez & Zamora, 1999;
Sahli & Conner, 2007; Robertson & Leavitt, 2011; Watts
etal., 2012).

By showing different abundance at flowers and disparate forag-
ing and flower-handling behaviours (see Notes S1; Fig. S3, for a
detailed discussion), the pollinator functional groups of
E. mediobispanicum differed widely in effectiveness. Thus, long-
tongued beeflies was the most effective functional group due
mainly to its high QNC. In fact, it has been shown that beeflies
may affect not only individual plants but also the structure of the
E. mediobispanicum pollination networks, increasing their con-
nectivity and decreasing their functional specialization (Gémez
etal., 2011; Valverde et al,, 2016b). On the other hand, the effec-
tiveness of the second and third most effective functional groups
(short- and long-tongued large bees) was mostly due to their
QLC. Long-tongued large bees handle flowers very fast and with
high accuracy, and perform long flights from and to outside the
population, indicating that they may be key in mediating the
gene flow among populations (but see discussion in the following
section). Short-tongued large bees were almost exclusively repre-
sented by Lasioglossum xanthopus. This bee has strong fidelity for
the flowers of E. mediohispanicum, a behaviour surely favouring a
high amount of conspecific pollen deposition. Nevertheless, the
abundance of E. mediohispanicum pollinators varies strongly at
different spatial (Gomez eral., 2008, 2009b, 2010, 2014) and
temporal scales (Valverde ez al., 2016b). Consequently, the effec-
tiveness of those functional groups that are based mainly on their
QNG, such as beeflies, will surely vary largely between both plant
populations and flowering periods, demonstrating that the
pollination effectiveness of E. mediobispanicum fHower visitors is
context-dependent.

Alrogether, our results indicate that QNC and QLC are
decoupled, a pattern that has been reported previously for other
systems (Schemske & Horvitz, 1984; Mayfield ez 4/., 2001; Oller-
ton etal., 2015). According to the Stebbins” most effective polli-
nator principle, plants should evolve traits to attract mostly those
pollinators transferring pollen most effectively (Stebbins, 1970).
Consequently, in specialized systems an association between the
quantity and quality of most effective pollinators would be
expected. Conversely, as shown in Fig. 4(a), such an association is
missing in our study system. The decoupling of these two
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components could be a major feature of most generalist plant
species (Mayfield ez al., 2001; Perfectti ez al., 2009).

The genetic component of effectiveness

We have characterized some genetic aspects of the progeny pro-
duced after a single visit by means of a paternity-based method.
Although there exist alternative approaches offering the same or
similar information (e.g. correlation of paternity; Ma eral,
2018), paternity-based methods are not sensitive to small sample
sizes (Burczyk & Chybicki, 2004) and directly reflect the effective
pollen flow (Wang, 2014; Castilla eral, 2017; Rhodes etal,
2017). This information allows characterization of the plant’s
mating system and the contribution of each pollinator to it (Bar-
rett & Harder, 2017). For example, the absence of selfed seeds
and the low seed set in the selfing treatment suggest the existence
of mechanisms favouring allogamy against autogamy in
E. mediobispanicum, from what we can conclude that most seed
abortions observed in some functional groups, such as small
hoverflies, could be due to the deposition of pollen of low quality
(i.e. self pollen).

Effective pollen flow in natural populations is influenced by
the spatial genetic structure of pollen donors (Griffin & Eckert,
2003), at-site environmental conditions (DilLeo ez al., 2014) and
the foraging behaviour of pollinators. However, our experimental
plots lacked any genetic structure and had homogeneous environ-
mental conditions, meaning that the measured diversity of sires
truly reflects disparities in the intrinsic pollen carryover abilities
among pollinators. Long-tongued beeflies produced the most
genetically diverse progeny, suggesting high rates of carryover.
On the contrary, the less genetically diverse progeny produced by
long-tongued large bees may actually reflect their lower carryover
ability. This functional group also showed the most truncated
pollen dispersal over short distances, a pattern that contrasts with
the occasional long flights performed by these insects in wild
populations. Such disassociation is probably due to both most
flights being carried out between nearby plants and most trans-
ferred pollen being collected in the previously visited plant. In
this sense, our study suggests that insects performing longer
flights are not necessarily the most effective at moving pollen long
distances. However, because plants in our experimental plots had
a regular spatial distribution and pollinators respond differently
to the spatial distribution of resources (Ohashi & Thomson,
2009; Lander ez al., 2013), these results must be interpreted with
caution.

Deciding which genetic aspect to use as a new genetic compo-
nent of the pollination effectiveness is not trivial because their
benefits for plant fitness will depend on the system (Price &
Waser, 1979; Dudash, 1990; Becker ez al., 20006). In pollination
generalist plants, like the one studied here, the diversity of sires
may be beneficial mostly when environmental conditions vary
spatiotemporally. In such cases, genetically diverse progenies may
work as a bet-hedging strategy (Cohen, 1966; Simons, 2011;
Yasui & Garcia-Gonzalez, 2016), offering to the mother plant
the opportunity of producing favourable combinations of geno-
types facing environmental changes (Karron & Marshall, 1993;
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Yasui & Garcia-Gonzalez, 2016). In addition, in plants with lim-
ited seed dispersal, such as E. mediohispanicum (Gémez, 2007;
Valverde ezal., 2016a), genetically diverse progeny can reduce
the risk of biparental inbreeding among nearby dispersed siblings
(Griffin & Eckert, 2003).

The inclusion of a genetic component (GNC), calculated as
the per-fruit diversity of sires, entailed substantial changes in the
among-functional groups variation in effectiveness. Specifically,
the difference between long-tongued beeflies and the other func-
tional groups increased, whereas the difference in effectiveness
between short-tongued and long-tongued large bees became sig-
nificant. This suggests that the relative importance of pollinators
for plant fitness may switch when taking into account their con-
tribution to the genetic diversity of the progenies. The conse-
quences of considering GNC depend, however, on the
QNC x QLC baseline. Because QNCs tend to vary in space and
time in our study system (Gémez eral., 2009b; Valverde eral.,
2016b), we expect that the relative importance of GNCs will be
context-dependent. Moreover, because the genetic diversity of
pollen loads may vary geographically (Robledo-Arnuncio ezal.,
2014) GNC also may be itself context-dependent.

Conclusions

Our study unveils interesting properties of the generalist pollina-
tion systems. In these types of systems, the variability in the
QNC and QLC may entail a reduction in the number of pollina-
tors contributing significantly to plant reproduction, drawing
attention to the importance of properly defining the level of gen-
eralization. Moreover, the absence of association between those
two components reveals a deviation from the expectations of the
Stebbin’s most effective pollinator principle, a pattern likely char-
acterizing most generalist pollination systems. On top of this, we
have demonstrated that pollinators may differ not only in the
number of viable seeds produced after a single visit, but also in
their contribution to the genetic composition of the progeny.
The consideration of genetic aspects of the progeny produced by
a given pollinator adds information about its contribution to
plant mating patterns and gives a more comprehensive insight of
its effectiveness. We encourage future studies to dig deeper into
the nature of this GNC in order to better understand plant—polli-
nator interactions.
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