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Abstract. The pollination specialisation/generalisation continuum is a basic concept in pollination biology, usually defined as the number of spe-
cies or functional groups of pollinators visiting a plant species. The level of specialisation can be affected by the relative abundance of pollinators 
on flowers, the among-pollinator variation in per-visit efficiency and the intra-population variation in floral traits. Here, we explore how these com-
ponents influence the degree of generalisation of a Mediterranean herb, Moricandia arvensis (Brassicaceae). Moricandia arvensis shows a re-
markable intra-individual floral polyphenism, with large cross-shaped lilac flowers during spring and small rounded white flowers during summer. 
We quantified the pollinator assemblages, grouped into functional groups, of six plant populations from SE Spain during spring and summer, ex-
perimentally tested their preference for spring and summer floral morphs, their per-visit efficiency, and their effectiveness during each flowering 
period, estimated as their contribution to plant’s fitness. The level of generalisation differed between floral morphs: spring flowers are visited 
mainly by large long-tongued bees, while summer flowers are visited by a diverse set including small short-tongued bees, large long-tongued 
bees, large butterflies and beeflies. The functional groups of pollinators differed in their preferences for floral morphs, with large long-tongued 
bees, small short-tongued bees and beeflies preferring spring floral morphs, whereas flies and butterflies preferred summer floral morphs. 
Pollinator per-visit efficiency also varied among functional groups. Bees and butterflies produced many seeds per visit, while beetles, hoverflies 
and flies produced few or no seeds per visit. By combining floral visits with per-visit efficiency (effectiveness), the spring pollinator assemblage 
became significantly more specialised and the summer pollinator assemblage significantly more generalised. Our study suggests that, although 
traditionally neglected in pollination studies, examining pollinator effectiveness is crucial to accurately characterise generalisation–specialisation 
gradients, rigorously categorising pollination niches and correctly describing the architecture of plant-pollinator interactions.
Keywords: Brassicaceae; floral phenotypic plasticity; Moricandia arvensis; pollination effectiveness; pollination generalisation; pollination specialisation; 
pollinator per-visit efficiency; pollinator preference.

Introduction
The relationship between plants and pollinators has been the 
subject of study by ecologists for more than a century, but 
interest in understanding the workings of this fundamental 
ecological interaction has not waned. The study of pollination 
ranges from detailed mechanistic and experimental studies of 
specific pairs of plants and floral visitors to pattern-oriented 
studies of the structure and dynamics of entire plant-pollinator 
communities and networks. Much progress has been made in 
understanding interaction from these two perspectives, and our 
knowledge on the ecology, evolution and coevolution of indi-
vidual pairwise interactions (Thompson 2005; Willmer 2011; 
Patiny 2012) or on the architecture and topology of pollination 
networks is immense (Bascompte and Jordano 2014).

The idea of the specialisation/generalisation continuum in 
pollination systems connects these two scales of research, a 

concept that, despite its importance, is not without contro-
versy (Brosi 2016; Armbruster 2017). In fact, there is still no 
universal consensus on how to define it or how to measure it, 
nor on what its real consequences are for the ecology and evo-
lution of plant-pollinator interactions (Waser and Ollerton 
2006; Armbruster 2017; Phillips et al. 2020). Traditionally, 
pollination specialisation–generalisation has been assessed as 
the number of animal species or functional groups visiting the 
flowers of a given plant species in a given locality (Faegri and 
van der Pijl 1979; Waser and Ollerton 2006; Ollerton et al. 
2007). This approach ignores the fact that the frequency of 
visitation varies greatly between different species or groups of 
floral visitors, and a marked difference in evenness can lead to 
systems with the same number of species varying in their de-
gree of generalisation (Gómez and Zamora 2006). This limi-
tation is overcome by adopting a niche pollination approach, 
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where pollinators are considered as resources that vary in 
abundance along resource axes (Johnson 2010; Gómez et 
al. 2015; Phillips et al. 2020) and the position of any plant 
species along the specialisation–generalisation continuum is 
inferred by the alpha diversity of its pollinator assemblage 
(Gómez et al. 2015).

Most studies exploring the specialisation/generalisation 
level of pollination systems do not include information on the 
efficiency as pollinators of those animals visiting the flowers 
(Armbruster 2017). Not considering pollination efficiency as-
sumes that all floral visitors contribute equally per visit to 
the reproduction of the plant. However, this is only some-
times true. Many experimental studies have demonstrated 
that floral visitors differ in their ability to remove and deposit 
pollen (Rader et al. 2012; Page et al. 2021), in the proportion 
of visits in which they act as mere pollen or nectar robbers 
(Maloof and Inouye 2000; Irwin et al. 2010), in the amount 
of heterospecific pollen they transfer (Moreira-Hernández and 
Muchhala 2019), in their capacity of fertilising ovules and 
produce seeds (Motten et al. 1981; McGuire and Armbruster 
1991; Rader et al. 2012; Page et al. 2021), and in the gen-
etic diversity of the seeds produced (Valverde et al. 2019). 
Ignoring this reality may distort our estimation of the spe-
cialisation–generalisation degree of any pollination system. 
In fact, the generalisation degree of the pollination system 
of some plant species changes substantially when this infor-
mation is considered (Sahli and Conner 2007; Armbruster 
2017). The development of experimental and analytical tech-
niques that incorporate the quality of floral visitors as pol-
linators (Schupp et al. 2010, 2017) may help to gain a more 
accurate understanding of how generalist or specialist a given 
pollination system is.

Another factor influencing the level of generalisation 
of a pollination system is related to the existence of intra-
population variation in floral traits, especially when the ex-
pression of floral traits affects the preference and per-visit 
efficiency of particular pollinators (Herrera 1995, 2000; 
Nocentini et al. 2013). When this happens, there is a possi-
bility of individual-level variation in the use of resources and 
the specialisation level (Bolnick et al. 2002, 2003). Among 
the several sources of floral variation, a special type occurs 
as a consequence of the existence of phenotypic plasticity, 
the ability of a genotype to produce alternative phenotypes 
when exposed to different environments (Schlichting and 
Pigliucci 1998). Phenotypic plasticity is presumed to evolve 
in response to contrasting selection pressures that arise when 
organisms confront environmental heterogeneity (Bradshaw 
1965; Scheiner 2013; Murren et al. 2015). When heterogen-
eity happens at fine-grained scales, several plastic phenotypes 
might coexist within the same population (Méndez-Vigo et 
al. 2013; Ramírez et al. 2015), each potentially attracting a 
different set of pollinators.

In this study, we explore how intra-individual phenotypic 
plasticity and between-pollinator differences in effectiveness 
may affect the level of specialisation/generalisation in the pol-
lination system of Moricandia arvensis (Brassicaceae). This 
mustard species is particularly appropriate to test this idea 
because it is visited by a vast and contrasting assemblage of 
insects (Gómez et al. 2022 a) and exhibits a remarkable intra-
individual phenotypic plasticity in the form of extreme floral 
polyphenism (Gómez et al. 2020, 2024). The existing termin-
ology to estimate the functional role of floral visitors as pol-
linators is diverse. Here, we studied pollination effectiveness 

using a framework recently broadened to all mutualistic 
interactions (Schupp et al. 2010, 2017). In this framework, 
effectiveness is ideally viewed as the contribution of one pol-
linator to the plant’s fitness and is decomposed into a quan-
tity component (QTC) and a quality component (QLC). The 
QTC is the number of interaction events between a given pol-
linator species or functional group and a plant species, and it 
is ideally measured as the number of pollen grains deposited 
by that pollinator or, when this is not available, the number 
of floral visits made to the plant species. This is because, 
strictly speaking, a pollination event -an interaction in which 
the plant receives a service from the pollinator- is the transfer 
of a pollen grain from the anther to the stigma and not the 
simple visit of a floral visitor. QTC includes the performance 
of pollinators in terms of pollen transferred or deposited onto 
stigmas (Primack and Silander 1975; Ne’eman et al. 2010) 
or, sometimes, pollen removal (Inouye et al. 1994; Sahli and 
Conner 2007). On the other hand, QLC is a measure of the 
probability that an interaction event results in the production 
of seeds and it is measured as the probability that an ovule 
pollinated by a given pollinator will produce a new repro-
ductive adult or, as a proxy, the number of seeds produced 
per visit of that pollinator (Schupp et al. 2017; Valverde et 
al. 2019). QLC is analogous to those metrics quantifying 
per-visit or single-visit efficiency or performance of pollin-
ators in terms of seed production (Inouye et al. 1994; Olsen 
1997; Ne'eman et al. 2010; Sahli and Conner 2007; Page et 
al. 2021). Finally, effectiveness is quantified in our frame-
work as QTC × QLC, which is similar to the term pollinator 
importance (Herrera 1987; Olsen 1997; Sahli and Conner 
2006, 2007). Variation in effectiveness among interacting or-
ganisms can be visualised in a two-dimensional effectiveness 
landscape where each species’ location is determined by its 
values of quantity (x-axis) and quality (y-axis) components 
(Schupp et al. 2017). Some properties of the spatial configur-
ation of the effectiveness landscape can be used to understand 
functional aspects of the interaction (Gómez et al. 2022b). 
The dispersion of effectiveness values across the landscape 
can inform about the functional redundancy of the different 
pollinators, whereas the correlation between components can 
inform on the functional specialisation degree of the system 
(Gómez 2022b). Under this scenario, the goals of this study 
are (i) to assess the quantity and quality components and the 
effectiveness of the main pollinator functional groups of M. 
arvensis; (ii) to explore how the generalisation degree of the 
system changes when considering their effectiveness and (iii) 
to check whether these patterns are influenced by the within-
individual floral plasticity exhibited by the plant.

Methods
The study species
Moricandia arvensis is widely distributed in arid zones of 
the Iberian Peninsula, living in a wide range of habitats, 
from natural areas to highly anthropically disturbed areas 
(Fig. 1). Many phenotypic traits contribute to the seasonal 
floral polyphenism of M. arvensis (Gómez et al. 2020, 
2022 a, 2024). Spring floral morph of M. arvensis is large 
and cross-shaped with non-overlapped petals. In contrast, 
the summer floral morph is smaller, with rounded cor-
olla and overlapped petals. In addition, the spring morph 
is purple to the human eye, whereas the summer morph is 
white, with the spring morph being apparently visible to 
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bees and the summer morph to flies (Gómez et al. 2020, 
2024). The clear between-morph difference in colour is 
primarily due to the differential seasonal production of 
anthocyanins and flavonols (Table 1). Summer floral morph 
has lower herkogamy values than the spring floral morph, 
both when calculated with the lower whorl of stamens and 
when calculated with the upper whorl of stamens (Table 1). 
Furthermore, in both floral morphs, anthers and stigmas 
are exerted outside the corolla tube (Table 1). Overall, the 
summer morph seems to be more integrated phenotypically 
than the spring morph. Floral morphs also differed in the 
total production of flowers, with individual plants produ-
cing over 15 times more spring flowers than summer flowers 
(Table 1). The two morphs also differ in the amount of re-
ward they offer. The spring morph appears to produce three 
times more nectar and sugar than the summer morph despite 
the sugar concentration being equivalent between the two 
morphs (Table 1). Both morphs require pollinators to have 
a full seed set since they did not produce seeds after autog-
amous hand-pollination (Table 1).

Pollinator assemblage of spring and summer floral 
morphs
We have recorded the insects visiting the flowers of Moricandia 
arvensis during 8 years (2016–2023) in six localities of SE 
Spain: Baza (Granada province, 37° 30.5ʹN; 2° 40.9ʹW), 

Quesada (Jaén province, Spain, 37° 48.3ʹN; 3° 03.4ʹW), 
Malaha (Granada province, 37°08.4ʹN; 3°43.9ʹW), Negratín 
(Granada province, 37° 33.7ʹN; 3° 57.5ʹW), Olula del Rio 
(Almería province, 37° 23.3’N; 2° 17.9ʹW) and Tabernas 
(Almería province 37° 00.3ʹN, 2° 27.4ʹW). Censuses of floral 
visitors were carried out in each locality between 11:00 am 
and 5:00 pm both during the blooming period when spring 
floral morphs are displayed (February–March) and during 
the blooming period when the summer floral morphs are dis-
played (June–August). In each survey, we recorded for 2 h 
those insects contacting anthers or stigma and doing legit-
imate visits at least during part of their foraging in flowers. 
We only counted those insects contacting anthers or stigma, 
meaning that several species of petal eaters, predispersal seed 
predators and nectar thieves/robbers were not included in the 
surveys. Previous studies using the same methodology carried 
out with similar Brassicaceae species and performing rar-
efaction analysis indicate that a sample of 130–150 insects 
provides an accurate estimate of the diversity of pollinator as-
semblages (Gómez et al. 2007). Each survey was conducted at 
least by two researchers simultaneously, sampling each popu-
lation for at least 10 h/person. Unfortunately, we could not 
survey all populations during all years.

Because M. arvensis is a generalist species (Gómez et al. 
2020, 2024), the relevant interaction units are functional 
groups, defined as groups of pollinators that behave in similar 

Figure 1. The study system. Upper panel: type of habitats occupied by Moricandia arvensis in SE Spain, A) Natural population (Negratín population, 
Granada province); B) Agricultural habitat (Agua Amarga, Almería province) and C) Industrial area (Baza, Granada Province). Lower panel: representative 
pollinator species of Moricandia arvensis in spring and summer. 1) Anthophora plumipes; 2) Pieris rapae; 3) Anthophora sp.; 4) Eucera nigrilabris; 5) 
Eucera sp.; 6) Andrena agilissima; 7) Lasioglossum sp.; 8) Halictus sp.; 9) Pieris rapae; 10) Mordellistena sp.; 11) Heliotaurus ruficollis; 12) Syritta sp. and 
13) Amegilla quadrifasciata.
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ways on a flower and exert similar selection pressures (Fenster 
et al. 2004). For this reason, we grouped all pollinators vis-
iting M. arvensis into functional groups employing the same 
classification utilised in previous studies (Gómez et al. 2020, 
2022a) that is based on similarity in traits related to the se-
lection pressures they exert, such as body length, proboscis 
length, morphological match with the flower, foraging behav-
iour and feeding habits (Gómez and Zamora 1999; Fenster 
et al. 2004) (see Supporting Information—Table S1 for the 
description of the functional groups visiting M. arvensis).

The generalisation of the pollination system of each floral 
morph was estimated by means of the alfa and beta diversities 
of their pollinator assemblages. Alfa diversity was calculated 

using the Probability of Interspecific Encounter (PIE) of 
Hurlbert’s (1971) as

PIE =

Å
N

N − 1

ã(
1−

P∑
i=1

p2i

)

where N is the total number of individuals and pi is the 
relative abundance of functional groups i. It indicates the 
probability that two insects visiting the same floral morph 
belong to different functional groups. It is an evenness index 
that combines two factors that affect diversity, dominance 
and abundance. We compared the magnitude of the alfa 

Table 1. Pollination traits of the two morphs of Moricandia arvensis (values are presented as mean ± sd). Sources: 1: Gómez et al. 2020; 2: Gómez et al. 
2024; 3: Gómez et al. 2022a and 4: this study (see Supporting Information Information—Method S1 for a description of the methodology used).

Pollination traits Spring floral morph Summer floral morph Source

Floral traits

  Corolla tube length (mm) 12.4 ± 0.6 10.7 ± 1.4 1,4

  Corolla diameter (mm) 23.0 ± 2.1 14.1 ± 2.0 1,4

  Petal shape Narrow Wide 1

  Corolla shape Cross-shape Rounded 1

  Corolla colour (human eye) Purple White 1

  Corolla hue1 245.21 ± 54.8 90.26 ± 2.59 2

  Corolla brightness2 36.55 ± 7.40 38.94 ± 5.36 2

  Corolla chroma3 0.05 ± 0.03 0.29 ± 0.02 2

  Corolla achromatic contrast (bees)4 0.19 ± 0.06 0.18 ± 0.03 2

  Corolla chromatic contrast (bees)5 0.22 ± 0.04 0.28 ± 0.04 2

  Corolla chromatic contrast (flies)6 0.62 ± 0.04 0.28 ± 0.05 2

  Petal anthocyanins (cyanidin mg g−1) 4.80 ± 1.06 0.30 ± 0.34 1

  Petal flavonols (kaempferol mg g−1) 21.40 ± 5.12 82.60 ± 24.33 1

  Stamens exertion 1.86 ± 0.89 1.35 ± 0.50 4

  Stigma exertion 0.83 ± 0.86 0.77 ± 0.76 4

  Herkogamy lower whorl of stamens (mm) 0.79 ± 0.67 0.48 ± 0.63 4

  Herkogamy upper whorl of stamens (mm) −1.02 ± 0.86 −0.58 ± 0.68 4

  Floral integration (%)7 8.5 ± 0.9 14.6 ±3.3 1

Plant traits

  Plant height (cm) 53.70 ± 14.70 57.20 ± 19.70 2

  Total number of flowers by plant 386.9 ± 671.9 24.50 ± 46.50 2

Reward traits

  Volume of nectar (µL) 0.22 ± 0.10 0.08 ± 0.03 4

  Concentration of nectar (% of sugar) 20.30 ± 1.50 22.00 ± 1.50 4

  Sugar quantity (mg) 0.05 ± 0.02 0.02 ± 0.01 4

Reproductive traits

  Autogamous female fertility (%)8 2.15 ± 13.25 0.40 ± 2.01 1

  Allogamous female fertility (%)8 46.25 ± 38.71 23.08 ± 31.83 1

Floral evolution traits

  Divergence from Moricandia ancestor9 0.081 0.195 3

  Divergence from M. arvensis ancestor9 0.024 0.287 3

1The dominant wavelength.
2The sum of the reflectance values over the entire reflectance spectrum.
3The difference between the maximum and the minimum values of reflectance between the average reflectance of the spectrum.
4The degree to which each petal colour loci generates an excitation value different from 0.5 in the green receptor using the colour hexagon model for bees.
5The distance of each petal colour loci to background in the colour hexagon model for bees.
6The distance of each petal colour loci to background in the colour hexagon model for hoverflies.
7The variance of eigenvalues of the covariance matrix of the floral traits.
8Autogamy and allogamy was quantified by hand-pollinating plants in a controlled (greenhouse) environment.
9The Euclidean distance from each ancestor in a Brassicaceae phylospace.
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diversity of the pollinator assemblage between floral morphs 
by generating bootstrapped estimates of the indices, obtaining 
their 95 % confidence intervals and checking their overlap 
(Magurran 2004; Chao et al. 2014). This analysis was per-
formed using the function ChaoSimpson from the R library 
‘iNEXT’ (Hsieh et al. 2024). Beta diversity was estimated as 
the variation in the composition of functional groups between 
floral morphs (Baselga and Orme 2012). For this, we tested if 
there were differences in composition between seasons using 
a Permutational Analysis of Variance (Anderson 2001). This 
analysis was performed using the function adonis2 in the R 
library ‘vegan’ (Oksanen et al. 2022), including population 
as a covariable to control for between-population variation 
in pollinator fauna. In addition, we performed a Principal 
Coordinate Analysis (PCoA) to test whether the floral morph 
expressed during each season by each population plays a role 
in the clustering of populations according to their pollinators, 
and to explore which functional group of pollinators was 
most correlated with this clustering. (Borcard et al. 2011). 
The PCoA was performed using the function cdmscale in the 
R library ‘vegan’ using Bray–Curtis dissimilarities as input 
matrix (Oksanen et al. 2022). The projection of each pollin-
ation functional group onto the resulting two-dimensional 
space was performed using the function add.spec.scores in 
the R library ‘BiodiversityR’ (Kindt 2005).

Pollinator preference experiments
We experimentally determined the preference of pollinators 
for the two plastic morphs of M. arvensis by simultaneously 
offering them in spring and summer. To do so, we performed 
an experiment in the field in which, for 5 min, we simultan-
eously offered 10 plants bearing spring floral morphs and 10 
plants bearing summer floral morphs randomly distributed 
in 5 × 4 grids. Experimental plants were separated 1 m from 
each other to avoid overlap of inflorescences. During each 
trial, we recorded the number and identity of pollinators vis-
iting the flowers of each experimental plant. We randomly 
redistributed the position of each plant in the grid before 
starting a new trial and changed the plants after 10 trials. 
Experimental plants were similar in size and floral display. 
However, to avoid any confounding effect, we recorded the 
total number of open flowers displayed by each experimental 
plant during each trial. Experimental plants were grown in 
the climate-controlled greenhouse under each environmental 
condition (spring and summer) and taken daily to the field 
in pots. Each trial was done by two researchers simultan-
eously and was performed between 12:00 and 14:00 local 
time in spring and between 11:00 and 13:00 local time in 
summer. The experiments were performed over 2 years (2019 
and 2020) in five natural populations of M. arvensis (Baza, 
Quesada, Malaha, Negratín, Tabernas). In total, we carried 
out 150 trials in 2019 and 216 trials in 2020, totalling 12.5 h 
and 18 h, respectively. We first compared the pollinator as-
semblage of the experimental plants displaying different floral 
morphs by means of a Permutational Analysis of Variance 
(Anderson 2001), by using the function adonis2 in the R li-
brary ‘vegan’ (Oksanen et al. 2022).

The preference of each pollinator functional group visiting 
the flowers of the experimental plants was estimated using the 
Jacobs’ D index (Jacobs 1974), a modification of the Ivlev’s E 
electivity index (Ivlev 1961) that is robust to dramatic changes 
in the relative abundance of the resources (Lechowicz 1982)

Di =
ri − pi

ri + pi − 2ripi

where ri is the proportion of the food i in the diet and pi is 
the proportion of diet i in the environment. Applied to our 
experiment, this index compares the relative availability of 
flowers of each floral morph in the environment and their 
relative visits by each functional group. The D index takes a 
value of zero under random feeding and deviates symmetric-
ally from zero between plus and minus one for preferred and 
avoided items, respectively. In an environment with only two 
food types, like the one used here (two floral morphs), Jacob’s 
index can potentially give the full range of values (−1 ≤ D ≤ 
1) for any particular value of floral visitation and availability 
(Lechowicz 1982). Jacob’s D index was calculated using the 
function ivlev in the R library ‘selectapref’ (Richardson 2020). 
The statistical significance of the preferences was found by 
testing for significant deviation from random visitation rate 
using a test for goodness of fit (Lechowicz 1982). If pollinator 
functional groups visit flowers at random, the null hypothesis 
is that the number of visits to a given flower morph by a given 
pollinator functional group should be directly proportional 
to the relative abundance of that morph (Lechowicz 1982).

Pollination effectiveness
The quantity component (QTC) of the pollination effect-
iveness was expressed in this study as the number of visits 
made by each pollination functional group to the flowers 
of M. arvensis per plant and hour. QTC was assessed in the 
Negratín population during 2019. For this, we marked 100 
co-occurring plants in February before flowering. When the 
plants started flowering, we conducted floral visitor surveys, 
in which we recorded insects visiting the flowers of each in-
dividual plant for 5 min. We only recorded insects that came 
into contact with the anthers or stigma and made legitimate 
visits, at least during part of their foraging on the flowers. 
Insects that ate petals or stole nectar without making any le-
gitimate visits were not recorded as pollinators. All surveys 
were carried out by the same researcher between 11.00 and 
17.00 h. Surveys were conducted both during the period 
when plants were displaying spring flowers (early March to 
early May) and during the period when they were displaying 
summer flowers (late May to early July), on a regular basis 
(approximately every 2 weeks).

The quality component (QLC) of the pollination effect-
iveness was expressed in this study as the number of seeds 
produced per visit by each pollination functional group. This 
means that we are only calculating the contribution of pol-
linator functional groups to the female fitness of Moricandia 
arvensis. To assess the QLC component of different func-
tional groups on spring and summer flowers, unvisited virgin 
spring and summer flowers were exposed to floral visitors 
from different functional groups. The plants used in this ex-
periment were maintained in the greenhouse under spring or 
summer conditions until they were presented to floral vis-
itors in experimental arenas located in two natural popu-
lations (Malaha and Negratín populations). This prevented 
the flowers from being visited before their exposure in the 
arena. Immediately after each flower was visited, its petals 
were removed to prevent revisitation, and it was individu-
ally marked to identify the functional group of the visitor. At 
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the end of the exposure period, the plants were returned to 
the greenhouse, and fruit and seed production was awaited. 
In the laboratory, the number of flowers that set fruits, the 
number of viable seeds per fruit, the number of unfertilised 
ovules and the number of aborted seeds were counted under a 
magnifying glass. This allowed the calculation of the qualita-
tive component of the effectiveness of each functional group 
on each floral morph.

To explore whether pollinators can be grouped according to 
their effectiveness, we checked the spatial distribution of the 
effectiveness values across the effectiveness landscape gener-
ated by the two components (Gómez et al. 2022b). A clumped 
spatial pattern indicates that there are distinct groups of spe-
cies that have similar effects on plant fitness, revealing the oc-
currence of functional equivalence within clustered groups of 
interacting organisms (Calviño-Cancela and Martín-Herrero 
2009; González-Castro et al. 2015; Palacio 2019). In contrast, 
over-dispersed effectiveness landscapes indicate that different 
pollinators have very distinct effects on plant fitness, and con-
sequently, they are not interchangeable. The spatial pattern 
of effectiveness values was tested with the Clark–Evans R 
test (Wiegand and Moloney 2014) with Donnelly edge cor-
rection (Baddeley et al. 2015) and the Hopkins–Skellam A 
index (Baddeley et al. 2015) to control for spatial inhomogen-
eity. If the landscape is clustered, the number of clusters was 
found using a hierarchical cluster analysis by means of the 
function NBClust in the R package NbClust that determines 
the optimal number of clusters by choosing the most frequent 
partition obtained from 30 validation indices (Charrad et al. 
2014). We also checked for the correlation between QLC and 
QTC, assuming that a positive correlation is associated with 
specialised interactions (Gómez et al. 2022 b).

Results
Differences in pollinator assemblage between 
spring and summer floral morphs
A total of 6729 insects belonging to 29 pollinator functional 
groups were detected visiting the flowers of Moricandia 
arvensis in the six studied populations during the study period 
(Table 2). Flowers were visited in spring by 23 functional 
groups, whereas in summer they were visited by 25 func-
tional groups (Table 2). The diversity of functional groups 
visiting the flowers was much lower in spring (0.588 ± 0.009, 
Boostrapped CI = 0.588–0.606; Chao-estimated Hurlbert 
PIE) than in summer (0.802 ± 0.008, Boostrapped Confidence 
Interval = 0.802–0.819).

The composition of the visitor assemblage did not differ 
among populations (F= 0.91, P = 0.604, Permutational 
Analysis of Variance). However, it differed between seasons 
(F= 3.66, P = 0.004, Permutational Analysis of Variance). 
This outcome agrees with the PCoA, which shows that season 
was the main factor in grouping the populations in the two-
dimensional space (Fig. 2). This ordination analysis showed 
that the pollinator assemblages differed between spring and 
summer. During spring, the most frequent floral visitors were 
long-tongued large bees belonging to the Anthophorini tribe, 
mostly several species of Anthophora (Anthophora plumipes, 
A. leucophaea, A. dispar, etc.), Amegilla (such as Amegilla 
quadrifasciata) and Eucera (such as Eucera longicornis) 
and, to a lesser extent, long-tongued hovering beeflies be-
longing to the genus Bombylius, and short-tongued large bees 

belonging to the genera Halictus and Andrena (Figs. 1 and 2). 
During summer, the composition of the pollinator assemblage 
changed, and the most frequent visitors were short-tongued 
small bees, long-tongued large bees and large butterflies 
mainly belonging to the family Pieridae (such as Pieris rapae, 
Pieris brassicae, Euchloe crameri, Colias alfacariensis or C. 
croceus) (Table 2; Figs. 1 and 2). During this hot season, the 
flowers of M. arvensis were also visited by many small in-
sects such as large beetles (mostly Cetoniidae, Alleculinae, 
Scarabeidae Cleridae and Meloidae) and small beetles (like 
Melyridae, Bruchidae, Mordellidae or Dermestidae), hov-
erflies (mostly Eupeodes corollae, Sphaerophoria spp. and 
Eristalis spp.), ants and thrips (Table 2; Figs. 1 and 2). In 
general, the assemblage of floral visitors was dominated by 
nectar-feeding long-tongued insects during spring but by 
pollen-eating short-tongued insects during summer.

Pollinator preference experiments
The flowers of the experimental plants were visited by 16 
functional groups of pollinators, which in total made 2884 
floral visits [see Supporting Information—Table S2]. The 
pollinator assemblage differed among seasons (F= 3.36, P = 
0.036, Permutational Analysis of Variance). However, nei-
ther the floral morphs (F = 1.15, P = 0.358) nor the inter-
action term (F= 0.07, P = 0.938) affected the composition 
of the pollinator assemblage visiting the experimental plants. 
In general, the seasonal change in the pollinator assemblage 
of the experimental plants was similar to that observed in 
the plants belonging to the natural populations. So, whereas 
long-tongued large bees were the most abundant floral vis-
itors during spring, short-tongued small and large bees as well 
as butterflies and beeflies were particularly abundant during 
summer [see Supporting Information—Table S3].

Pollinator functional groups differed in their preferences for 
floral morphs. Using only the 10 functional groups with large 
enough sample sizes (see Supporting Information—Table S3 
to see the results of the 16 functional groups included in the 
experiment), it can be observed that some pollinator groups, 
such as long-tongued large bees, short-tongued small bees, 
hovering beeflies or small butterflies, prefer to visit spring 
floral morphs either in spring or in summer (Fig. 3). In con-
trast, other pollinator groups, such as large flies and large 
butterflies, visited the summer floral morphs more frequently 
than expected by chance (Fig. 3).

Pollination effectiveness
A total of 852 experimental virgin flowers were visited by 
insects belonging to 13 pollinator functional groups [see 
Supporting Information—Table S2]. Pollinator functional 
groups greatly differed in their effectiveness as pollinators, 
estimated as the number of seeds produced per plant and 
hour, both when visiting spring flower morph (Deviance = 
848.3, P < 0.0001, binomial GLM) and when visiting summer 
flower morph (Deviance = 390.2, P < 0.0001, binomial GLM) 
(Fig. 4; see Supporting Information—Table S4). The most ef-
fective pollinators of spring floral morph were long-tongued 
large bees and, to a lesser extent, hovering beeflies (Fig. 4), 
their activity at flower mediating the production of about 
78 % and 11 % of seeds produced by this morph, respect-
ively, the rest of the functional groups contributing less than 
5 % [see Supporting Information—Table S4]. In contrast, the 
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effectiveness values of functional groups were more evenly 
distributed in summer flowers (Fig. 4), with 26 % of the 
seed production mediated by the activity of short-tongued 
small bees, 19 % by long-tongued large bees, 17 % by short-
tongued extra small bees and 19% by long-tongued large 
bees [see Supporting Information—Table S4]. Due to the dif-
ference in the proportional contribution of each functional 
group, floral morphs also differed in the proportion of ovules 
passing to seed when visited by a pollinator (Deviance = 
106.2, Estimate = −0.25, P < 0.001, binomial General Linear 
Model (GLM)), with spring morphs maturing to seed 24.6 
± 1.5 % (mean ± 1 standard error (se) ) of the ovules and 
summer morphs maturing 20.7 ± 1.8 %.

The effectiveness of most pollinator functional groups varied 
between floral morphs (Deviance = 106.2, Estimate = −0.25, P 
< 0.001, binomial GLM) (Fig. 4, see Supporting Information—
Table S4). In some functional groups, such as hovering beeflies 
or small butterflies, the change in effectiveness between floral 
morphs was due to a change in their values in QLC (Fig. 4). In 
other functional groups, such as short-tongued large bees or 
extra small bees, this change was caused by a combination in 

the value of both components QLC and QTC (Fig. 4). However, 
the between-morph change in effectiveness of the two most ef-
fective functional groups, long-tongued large bees in spring 
floral morphs and short-tongued small bees in summer floral 
morphs, was due to a strong change in their value of the QTC 
(Fig. 4). That is, these two functional groups produced a similar 
number of seeds when visiting a single flower of either floral 
morph, but differed significantly in their abundance in the 
flowers of each morph.

The effectiveness landscape (Fig. 4) was significantly 
clumped both in spring (Clark–Evans R index = 0.47, A = 
0.20, P < 0.01, 1000 bootstrapping iterations) and in summer 
(Clark–Evans R index = 0.52, A = 0.77, P < 0.05). In all cases, 
and according to the majority rule, the number of clusters in 
the landscape was 3. One cluster was composed of pollinators 
with very low effectiveness in both floral morphs (Fig. 4; see 
Supporting Information—Fig. S1). Another cluster was com-
posed of pollinators with intermediate effectiveness, beeflies 
for spring floral morph and large butterflies for summer floral 
morph (Fig. 4, Supporting Information—Fig. S1). The third 
cluster was composed of pollinators with high effectiveness, 

Figure 2. Principal coordinates analysis. Results of PCoA showing the first two principal coordinates that, together, explain 56% of the variation 
in pollinator assemblage. Each dot is a site × season combination (spring surveys in purple, summer surveys in white) whereas the projection of 
each pollinator functional group is shown in grey (numbers correspond to the code of each pollinator functional group as appears in Table 2). Insect 
silhouettes were drawn by Divulgare (divulgare.net) under a Creative Commons license (http://creativecommons.org/licenses/by-nc-sa/3.0).
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long-tongued large bees for spring floral morph and short-
tongued bees for summer floral morph (Fig. 4, see Supporting 
Information—Fig. S1).

There was no significant correlation between the QTC and 
QLC components (spring: r = 0.18, P = 0.559; summer: r = 
0.05, P = 0.887; Pearson correlation).

Diversity of the pollination system when 
considering effectiveness
The diversity of the pollination system of Moricandia arvensis 
was significantly lower during spring when calculated using 
the effectiveness of each pollinator functional group (calcu-
lated as number of seeds produced per plant) (Chao-estimated 
Hurlbert PIE on effectiveness: 0.49 ± 0.002, Bootstrapped 
CI= 0.58–0.54) than when calculated using only their visit-
ation rate (Fig. 5; Chao-estimated Hurlbert PIE on effective-
ness: 0.56 ± 0.01, Bootstrapped CI= 0.490—0.495). However, 
during the summer the opposite was true, and diversity was 
slightly higher when calculated using the effectiveness (Fig. 

5; Chao-estimated Hurlbert PIE: 0.80 ± 0.005, Bootstrapped 
CI= 0.801—0.799) than when calculated using visitation rate 
(Chao-estimated Hurlbert PIE: 0.79 ± 0.02, Bootstrapped CI= 
0.75—0.0.845). Consequently, the between-season difference 
in diversity was greater when seed production was used than 
when only floral visits were used (Fig. 5).

Discussion
Moricandia arvensis is characterised by being the only known 
plant species in which the same individuals can produce two 
radically different but equally integrated and functional floral 
forms in different seasons, large purple cross-shaped during 
spring and small white and rounded during summer (Gómez 
et al. 2020). This within-individual floral polyphenism seems 
to benefit M. arvensis, since plants displaying two floral 
morphs produce more seeds (Gómez et al. 2020). In addition, 
floral polyphenism is widely extended all over the entire dis-
tribution of M. arvensis (Perfectti et al. 2017; Gómez et al. 

Figure 3. Preference of pollinators. Percentage of visits made by each pollinator functional group to the spring (purple colour) and summer (white 
colour) floral morphs offered in the preference experiments. Figures are the results of the goodness of test testing departure from random 
preference (n.s. = non-significant, **P < 0.001, ***P < 0.0001). We show here only those pollinator groups with enough sample size (see Supporting 
Information—Methods for details and Table S3 for the results of all functional groups tested). Insect silhouettes were drawn by Divulgare (divulgare.
net) under a Creative Commons license (http://creativecommons.org/licenses/by-nc-sa/3.0).
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2024). This suggests that floral polyphenism is ancient in the 
M. arvensis lineage and has not been eliminated during its 
evolutionary history (Gómez et al. 2024).

A major consequence of this seasonal within-individual 
floral polyphenism is that the same individual plants could 
interact with two contrasting pollinator assemblages (Gómez 
et al. 2020, 2022a). Our study confirms this idea and shows 
that the pollinator assemblages visiting the spring flowers 
significantly differed in composition from those visiting the 
summer flowers, even within the same localities. This vari-
ation is even more remarkable if we take into account that 
we compared functional groups rather than species. Spring 
flowers were mainly visited by long-tongued bees (Apidae: 
Anthophorini) and other long-tongued insects. These func-
tional groups are the main pollinators of most relatives of 
M. arvensis, such as the other Moricandia species (Dukas 
and Shmida 1989; Küchmeister et al. 1995; González-Megías 
2016; Gómez et al. 1996, 2020), Rytidocarpus moricandioides, 
Eruca vesicaria or Eruca foleyi (Gómez et al. 2016, 2022 a; 
Barazani et al. 2019; Shakeel et al. 2019; Sentil et al. 2022). 
In contrast, summer flowers of M. arvensis were visited by 
a mixture of short-tongued insects, such as short-tongued 
small bees, hoverflies and beetles, and long-tongued insects, 
such as long-tongued bees, butterflies or beeflies. During the 
summer season, the pollinator assemblage of M. arvensis re-
sembles more those of distant Brassicaceae species belonging 
to other tribes, such as Alliaria (Cruden et al. 1996), Arabis 

(Strzalkowska-Abramek et al. 2016), Cardamine (Salisbury 
1965), Erysimum (Pesenko et al. 1980; Gómez et al. 2014, 
2015), Hormathophylla (Gómez and Zamora 1999), 
Lepidium (Robertson and Leavitt 2011), Lobularia (Gómez 
2000), Parrya (Fulkerson et al. 2012), Streptanthus (Preston 
1994) or Strigosella (Pesenko et al. 1980). Significant vari-
ation in the composition of the pollinator fauna has been 
described in many plant species both between populations 
and between years (Herrera 1988; Horvitz and Schemske 
1990; Guitián et al. 1996; Traveset and Sáez 1997; Gómez 
and Zamora 1999; Fenster and Dudash 2001; Price et al. 
2005; Dupont et al. 2009; Castro et al. 2013; Gómez et al. 
2014; Zych et al. 2019). Variation in pollinator assemblage 
composition has also been found between seasons (Cane and 
Payne 1993; Fisogni et al. 2016; Valverde et al. 2016) and be-
tween co-occurring individuals occupying different microsites 
(Herrera 1995; Prado et al. 2021). In our case, this variation 
is more extreme, since floral polyphenism allows the same in-
dividuals of M. arvensis to explore two contrasting pollin-
ation niches (Gómez et al. 2022a).

The observed between-season change in the pollinator 
faunas does not mean that M. arvensis is seasonally specialised. 
On the contrary, we found that, due to the marked seasonal 
differences in both the form of the flowers and the type of pol-
linators, the diversity of pollination systems changed dramat-
ically between seasons. While the probability of being visited 
consecutively by two insects belonging to different functional 

Figure 4. Pollination effectiveness. Effectiveness landscape of main functional groups visualised as a combination of quality (number of seeds produced 
per visit) and quantity (number of visits made to flowers in a population during the blooming period) components. It is shown the effectiveness of each 
pollinator functional group when visiting spring (purple dots) and summer (white dots) floral morphs. The numbers correspond to the code of each 
pollinator functional group as appears in Table 2. Insect silhouettes were drawn by Divulgare (divulgare.net) under a Creative Commons license (http://
creativecommons.org/licenses/by-nc-sa/3.0).
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groups was 59 % for a spring flower, this probability rose to 
80 % for summer flowers. Because most Brassicaceae display 
a highly generalised floral bauplan (Nikolov 2019; Gómez 
et al. 2022 a), most species of this family tend to interact 
with diverse pollinator communities and have broad pol-
lination niches (Gómez and Zamora 1999; Robertson and 
Klemash 2003; Gómez et al. 2007, 2022a; Sahli and Conner 
2007; Albrecht et al. 2012; Roy et al. 2014; Shakeel et al. 
2019; Yadav et al. 2022; Streher et al. 2024). In this sense, 
many Brassicaceae are generalist species (sensu Waser et al. 
1996; Olesen et al. 2002). Moricandia arvensis exceeds these 

standard levels of generalisation since the same individuals 
bear two different floral morphs, each visited by different in-
sects belonging to different pollination niches. So, M. arvensis 
is generalist both in spring and in summer, and emerges as a 
doubly generalist species. That is, the extremely generalisa-
tion level of the pollination systems of M. arvensis arises from 
the synergistic effect of high alpha (within-season) and beta 
(between-season) diversity.

The seasonal difference in the pollination niche could re-
sult from pollinators showing differential preferences for each 
flower type or as a by-product of the different availability 

Figure 5. Generalisation degree of pollination systems. Values of Chao-estimated Hurlbert’s PIE diversity index (mean ± 1 s.e.) estimated using the 
visitation rate of pollinator functional groups (in black) and the number of seeds produced by each functional group (in orange).
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of pollinators in each season. The evolutionary consequences 
of each process are radically different. Environmentally me-
diated heterogeneity in floral visitors causes unpredictable 
fluctuations in the selection undergone by plants (Siepielski et 
al. 2009; Bell 2010), a process that reduces the effectiveness 
of pollinator-mediated selection and limits floral evolution 
in response to interactions with pollinators (Schemske and 
Horvitz 1989; Szenteczki et al. 2021), favouring the existence 
of non-adaptive intraspecific floral trait variation (Schemske 
and Horvitz 1989; Fishbein and Venable 1996; Bell 2010). 
In contrast, when pollinators that vary temporally in abun-
dance respond differently to floral traits, they can lead to the 
adaptive evolution of temporally variable phenotypes. In this 
scenario, plants might display each season the floral pheno-
type preferred by the available pollinators. However, we have 
found that the floral morph most preferred by pollinators was 
the spring morph, the summer morph being always avoided 
when offered simultaneously with the spring morph except for 
large flies and large butterflies. Most importantly, pollinators 
did not change their preference patterns between seasons. 
These findings suggest that the M. arvensis floral polyphenism 
is not shaped by pollinator-mediated selection but is only the 
direct consequence of environmental heterogeneity. This re-
sult is consistent with previous studies showing that floral 
polyphenism is counter-selected in this species due to pollin-
ator action (Gómez et al. 2024). Therefore, the seasonal vari-
ation in the M. arvensis pollinator assemblages is decoupled 
from the plastic variation of its flowers and is probably merely 
a consequence of a change in environmental conditions fil-
tering the pollinator community. The high generalisation level 
observed in the pollination system of M. arvensis occurs be-
cause individuals of this species flower in two contrasting 
fine-grained environments during their lifetime, not because 
plants have evolved disparate types of flowers to interact with 
different pollinators each season.

The effect of floral phenotypic plasticity on 
pollination effectiveness
Our effectiveness analysis shows that the effectiveness land-
scape is clumped because the insects visiting the flowers of 
M. arvensis are grouped according to their combination of 
per-visit efficiency and abundance at flowers. Clumped spa-
tial pattern of effectiveness landscapes indicates that distinct 
groups of species have similar effects on the fitness of their 
partner, revealing the occurrence of functional equivalence 
within clustered groups of interacting organisms (Gómez et 
al. 2022b). Whereas in dispersed landscapes, there is a possi-
bility to respond to the selection exerted by those individual 
species having the highest fitness effects, in clumped land-
scapes, natural selection will favour the use of those groups 
of functionally equivalent species that have, altogether as a 
group, the highest effect on fitness, favouring the evolution of 
generalisation (Zamora 2000; Gómez and Zamora 2006). In 
M. arvensis, a clumped effectiveness landscape occurred both 
for spring and summer floral morphs, explaining at least par-
tially why the pollination system remains generalist regardless 
of the floral morph displayed by the plants. In both seasons, 
there was a group of pollinators with a negligible effect on fit-
ness sharing the flowers with another group with a high effect 
on fitness, the use of which were surely favoured by selection.

The pollinator species in the low-effectiveness cluster were 
the same in both floral morphs, mostly flies and hoverflies, 

beetles and other similar short-tongued small insects. The 
low effectiveness obtained by these insects resulted from the 
combination of their low abundance at flowers and their low 
per-visit efficiency. Beetles seem to be ineffective pollinators 
of similar Brassicaceae species (Gómez and Zamora 1999; 
Phillips et al. 2018). However, the role of flies and hoverflies 
as pollinators of other similar Brassicaceae remains uncer-
tain because some studies have found that they are ineffective 
pollinators (Rader et al. 2013), whereas other studies have 
found that they can have moderate to high per-visit efficiency 
(Jauker and Wolter 2008; Ali et al. 2011; Jauker et al. 2012; 
Phillips et al. 2018). The very low per-visit efficiency that we 
found in our study could be caused by their inability to re-
move and/or deposit pollen during the floral visits. In fact, 
it seems that flies deposit less pollen per visit than bees in a 
wide range of plant species (Földesi et al. 2021). However, it 
can also be explained, at least partially, by the fact that we 
calculated this component of the pollinator effectiveness not 
as the number of grains deposited (the most frequent vari-
able used in previous studies; but see Jauker et al. 2012) but 
as the number of seeds produced, a component of the plant 
reproductive success strongly influenced by the allogamous 
versus geitonogamous/autogamous origin of the pollen grains 
(Matsuki et al. 2008), something that can be especially im-
portant in our self-incompatible species. Thus, we assume that 
flies and beetles were probably irrelevant to seed production 
of M. arvensis in either season, not only because they deposit 
little pollen but also because they move more frequently be-
tween flowers of the same plant and produce geitonogamous 
pollination more often than bees, beeflies and butterflies.

In contrast, the identity of the effective pollinators varied 
between seasons. And this was apparent even though we 
worked with functional groups rather than with individual 
species. The most effective pollinators of spring flowers were 
long-tongued large bees, which produced about two thirds of 
the seeds in the plant populations, followed by the beeflies, 
which produced about 15 % of seeds. That is, during spring, 
over 90 % of the seeds of any SE Spain plant population were 
produced by insects with long proboscides. The predomin-
ance of these two groups decreased considerably during the 
summer, a season in which the importance as pollinators was 
evenly distributed between insects with long proboscides, like 
the two of them, and butterflies and insects with short pro-
boscides, like several species of large and small solitary bees. 
It is noteworthy that the functional group with the highest 
effectiveness each season (long-tongued large bees in spring 
and short-tongued small bees in summer) had similar per-
visit efficiency in each floral morph; their change in effective-
ness being exclusively caused by a strong seasonal variation 
in visitation rates. In contrast, the between-morph change in 
the effectiveness value of the rest of the effective pollinators 
(hovering beeflies, large butterflies and short-tongued large 
bees) was produced by a change in per-visit efficiencies rather 
than by a change in their abundance at flowers. Interestingly, 
in practically all cases, these changes occur in the sense of loss 
of efficiency in seed production of the summer morph. This 
suggests that the floral polyphenism of M. arvensis probably 
entails changes in some floral traits that disrupt the match be-
tween the flower and those pollinators by influencing the be-
haviour and mechanical fitting of some pollinators at flowers 
(Neal et al. 1998). For example, because M. arvensis seems to 
be highly self-incompatible (Table 1), those factors favouring 
self-pollen transfer could contribute to decrease pollination 
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efficiency in summer floral morphs (Valverde et al. 2019). 
In this regard, the sexual structures of summer flowers are 
less exerted than those of spring flowers and have a lower 
degree of herkogamy, two characteristics that increase the 
probability of pollinator-facilitated self-pollination (Dai and 
Galloway 2011) and magnify the cost of hermaphroditism 
in self-incompatible species (Barrett 2002; Waites and Agren 
2006). This might explain why the per-visit efficiency of 
most insects is higher when visiting spring than when visiting 
summer flowers. Likewise, because visitation duration has 
been shown to increase pollination efficiency in some plant 
species (Fishbein and Venable 1996; Ivey et al. 2003), those 
traits increasing the length of the visits of the pollinator may 
act to augment their per-visit efficiency. Several studies have 
shown that increasing the amount of nectar increases the fre-
quency of insect visits and lengthens the duration of each visit, 
concomitantly increasing the efficiency of the visits (Pleasant 
1983; Real and Ratchke 1988; Manetas and Petropoulou 
2000; Li et al. 2021). Spring flowers of M. arvensis pro-
duced about three times as much nectar and sugar quantity 
as summer flowers (Table 1), which may also help explain 
the between-season difference in per-visit efficiency of some 
insects. In addition, flower shape also influences the per-visit 
efficiency of some pollinators (Conner et al. 1995; Wu and Li 
2017). For example, hovering beeflies spend more time vis-
iting the flowers of the crucifer Erysimum mediohispanicum 
that have large petals and provide a good landing platform 
because they tend to collect nectar while standing on their 
second and third pair of legs (Gómez et al. 2008). The ob-
served increase in the per-visit efficiency of hovering beeflies 
on spring flowers could be due, at least in part, to the fact that 
this morph has longer petals and may provide a better landing 
platform than summer flowers.

Taxonomic versus functional generalisation of 
pollination systems
Most studies exploring the generalisation–specialisation 
level of pollination systems do not include information on 
the role as pollinators of those animals visiting the flowers. 
In these circumstances, concluding whether a given plant 
species is a generalist based on the number of visitors alone 
could be misleading (King et al. 2013; Armbruster 2017), 
mostly if pollen transfer and seed production are mainly 
carried out by a subset of the floral visitors. The magni-
tude of generalisation of the M. arvensis pollination system, 
quantified as the diversity of interactions, changed when 
quantified as the proportional contribution of each pol-
linator type to the production of seeds rather than as the 
proportion of visits made to the flowers, and this change 
went in opposite directions to each of the two plastic floral 
morphs. The pollination system of spring flowers was more 
specialised when considering the interaction at the level of 
seed production than when considered at the level of pollin-
ator visitation rate. So, while the probability that two pol-
linators taken at random from spring flowers belonged to 
different species was 59 %, the probability that two seeds 
taken randomly from these same flowers were produced by 
two different pollinators fell to 49 %. In contrast, the pol-
lination system of the summer flowers became more gener-
alist when we took into account the seeds produced by each 
pollinator. This means that to get a more accurate picture 
of any pollination system, we suggest obtaining information 

on pollinator efficiency, not just their abundance on flowers. 
Traditionally neglected in pollination studies, knowledge of 
pollinator efficiency is crucial to characterise generalisation–
specialisation gradients accurately, rigorously categorise 
pollination niches and correctly describe the architecture of 
plant-pollinator networks.
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