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Abstract

Nocturnal pollination plays an important role in sexual plant reproduction but has been overlooked, partially because of
intrinsic difficulties in field experimentation. Even less attention has received the effect of within-inflorescence spatial posi-
tion (distal or proximal) on nocturnal pollinators of columnar plants, despite numerous studies examining the relationship
between such position and reproductive success. Woody endemic Echium simplex possesses large erect inflorescences bearing
thousands of flowers which are visited by a wide array of diurnal and nocturnal animals. In this study, we identified nocturnal
visitors and compared their pollination effectiveness with that of diurnal pollinators in different inflorescence sections by
means of selective exclosures in NE Tenerife (Canary Islands). Nocturnal visitors included at least ten morphospecies of
moths (such as Paradrina rebeli and Eupithecia sp.), two coleopteran species (mainly Alloxantha sp.), neuropterans (Chrys-
operla carnea), dictyopterans (Phyllodromica brullei), dermapterans (Guanchia sp.) and julidans (Ommatoiulus moreletii).
In general, plants excluded from pollinators set less fruits than open-pollination (control) plants which set fruits homogene-
ously across sections. Diurnally pollinated plants set more fruit in their upper parts whereas nocturnally pollinated plants
set fruit in both upper and bottom sections. We conclude that although the frequency and diversity of diurnal pollinators is
far higher than that of nocturnal pollinators, both exhibit different foraging behaviour that generates complementary effects
on the reproductive success of E. simplex.
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Introduction

Plant reproductive success is the result of the interactions
of both biotic (e.g. pollination, herbivory, disease) and abi-
otic components (e.g. resource availability such as nutrients
or water, physical environment such as cloudiness, wind,
humidity or temperature) of the ecological context with
maternal constraints (Lee 1988). Mutualistic interactions
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between plants and their pollinators are of particular interest.
Although most studies have focused on diurnal pollinators,
nocturnal pollination plays a more important role in sexual
plant reproduction than previously suspected, since pollen
is carried over greater distances by moths than by diurnal
insect pollinators (Macgregor et al. 2018). Nocturnal polli-
nation has been overlooked partially because of the intrinsic
difficulty of field experimentation at night; moreover, such
process may easily be affected by artificial light at night
(Knop et al. 2017).

Nocturnal pollinators include a variety of taxa includ-
ing insects, bats, birds, and even rodents (Baker 1961; von
Helversen and Winter 2003; Knop et al. 2017). Some floral
traits are usually associated with nocturnal pollination and
form a particular pollination syndrome (Faegri and van der
Pijl 1966; Fenster et al. 2004; Reynolds et al. 2009). This
idea has been a central theme in pollination biology for
many years (Faegri and van der Pijl 1966) and suggests
that certain floral traits enhance the pollination efficiency
of a particular pollinator type, leading to specialization
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in that pollination type. The flower characteristics tradi-
tionally associated with nocturnal pollination syndrome
include: opening at dusk/night (Baker 1961; Van Doorn
and Van Meeteren 2003), pale colour or white (Baker
1961; Lunau and Maier 1995), attracting scent (Jiirgens
et al. 2002; Raguso 2008) and copious nectar (Fenster
et al. 2004). Other specific floral traits involved in the
attraction of nocturnal animal visitors include CO, gradi-
ents, tactile cues, thermogenesis and humidity gradients
(Borges et al. 2016). However, most plants are visited by a
broad range of morphologically and taxonomically diverse
species (Waser 1982; Elam and Linhart 1988; Haber and
Frankie 1989; Thompson and Pellmyr 1992; Sahley 1996;
Nassar et al. 1997), indicating that flower morphology may
not be an accurate predictor of the type of animal visiting
the flowers. Moreover, further observations and experi-
ments addressed at evaluating the contribution of pollina-
tion to plant fitness are needed to differentiate pollinators
from other visitors, since many species are nectar and/or
pollen thieves (Schemske and Horvitz 1984; Waser et al.
1996).

In plants in which the flowers are grouped in inflores-
cences, numerous studies have examined the relationship
between reproductive success and flower anthesis (early
or late) and/or within-inflorescence spatial position (distal
or proximal) (for a review, see Stephenson 1981; Wyatt
1982; Lee 1988; or Diggle 1995). For example, in species
with columnar inflorescences with acropetal flower open-
ing, higher fruit and seed set are often found in proximal
flowers (Solomon 1988; Herrera 1991; Ehrlén 1992, 1993,
Karoly 1992; Guitian 1994; Guitian and Navarro 1996;
Navarro 1996) than in intermediate flowers (Sutherland
1987) or proximal flowers (Goldingay and Whelan 1993).
Three non-exclusive hypotheses have been proposed to
explain these patterns of within- inflorescence variation
regarding reproductive success:

1. The ‘resource competition hypothesis’, focused on abi-
otic components, postulates that the ovaries compete for
a limited amount of resources (Stephenson 1981 and
references therein; Klein et al. 2015).

2. The ‘architectural effect hypothesis’, related to maternal
constraints, postulates that there is a constraint on the
translocation of nutrients to reproductive organs due to
the inherent structural features of an inflorescence, such
as the waning of the vasculature in distal structures or
the variation in the diameter of supporting structures
(Diggle 1995 and references therein).

3. The ‘non-uniform pollination hypothesis’, with biotic
components, postulates that there is a variation in pol-
len receipt along the inflorescence and differences may
be attributable to insufficient quantity or quality of pol-
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len (Lee 1988; Thomson 1989a; Berry and Calvo 1991;
Goldingay and Whelan 1993; Kudo et al. 2001).

Woody endemic Echium species in the Canary Islands,
both candelabra shrubs and monocarpic rosette ‘trees’, pos-
sess large erect inflorescences often carrying thousands of
flowers visited by a wide range of animals. The patterns
of female reproductive success within inflorescences have
never been assessed. Previous studies with Echium simplex
revealed that despite being visited by diurnal insects, birds
and lizards, flying insects were responsible for most of the
pollination. Flowers visited by flying insects (mainly Hyme-
noptera) set more fruits and also their seeds germinated
more than those coming from unvisited flowers (Jaca et al.
2019). However, E. simplex might also be visited at night,
as its flowers possess traits associated with the moth pollina-
tion syndrome (phalaenophily): they open at night, produce
pale-coloured or white flowers with a heavy scent, offering
rewards (nectar and pollen) in tubular corollas (Baker 1961;
Kevan and Baker 1983).

In the present study, we aimed to investigate the repro-
ductive success of both nocturnal and diurnal pollinators in
different inflorescence sections. Our specific questions were:
(1) what are the nocturnal pollinators of E. simplex in each
inflorescence section and how frequent are they relative to
diurnal pollinators? (2) what is the pollination effectiveness
of nocturnal and diurnal pollinators in each inflorescence
section, in terms of fruit and seed set, seed weight, and
germination?

Materials and methods
Study species

The giant rosette plant E. simplex DC. (Boraginaceae),
locally known as ‘tajinaste blanco’, is endemic to the Anaga
Biosphere Reserve in NE Tenerife (Canary Islands). This
area encompasses a 4.9-3.9 million-year-old basaltic massif
(Guillou et al. 2004). It is considered a vulnerable species
in the red list of Spanish vascular flora (Moreno 2008), with
very few, reduced and isolated populations. The species is
one of the three monocarpic Echium species in the Canary
Islands, together with E. wildpretii on La Palma and Tener-
ife, and E. pininana on La Palma, and it grows for 5-9 years
before producing a single large inflorescence (Stocklin and
Lenzin 2013). Reproductive individuals reach a height of
up to 3 m, of which the prolonged inflorescence—com-
posed of scorpioid cymes—can contribute up to 1.5 m. The
inflorescence height is directly proportional to the rosette
diameter and it flowers acropetally (from bottom/proximal
to upper/distal parts). The cymes are double coiled and the
largest plants may show 3—4 branches per cyme. Each cyme



Effect of diurnal vs. nocturnal pollinators and flower position on the reproductive success... 41

presents a new flower every second day, mostly opening
in the morning and living for 2.5-3 days. Flowers are pro-
tandrous with transitional and male phases producing more
nectar than the female phase (Jaca et al. 2019). After a suc-
cessful pollination event, a flower develops into a fruit which
consists of a maximum of four nutlets. The number of cymes
and flowers per cyme increases along the inflorescence. The
smallest of our examined plants had an average of 12 flowers
per cyme whilst the largest had 51. The number of mature
subfruits per flower (from one to three, on average) also
increased along the inflorescence. Hence, the number of
potential seeds produced increases enormously with the size
of the inflorescence, ranging from 4560 to 234,000 (Stocklin
and Lenzin 2013).

Flowers are protandrous and are open for two to three
days. The carpel elongates and splits, becoming taller than
the anthers during the female phase. The flowers open suc-
cessively from the proximal to the distal part of the cyme.
The total flowering time of an individual plant is 3—5 weeks.
Nectar standing crop varies during flower ontogeny with
male and transitional flowers producing more nectar than in
the female phase (approx. 2 pl vs. 1 pl) but sugar concentra-
tion remains constant (~ 17%) (Jaca et al. 2019).

Study area

The study site is located at the north-west of Chamorga vil-
lage, northeastern Tenerife (Canary Islands). The population
of E. simplex is found at an altitude around 250 m a.s.l. and
occupies an area of about 1 km?. There are also scattered
individuals along the north coast trails. The location has a
warm coastal climate with average temperatures between
17 and 19 °C in winter and 20 and 25 °C in summer. The
summer is very dry and most rain falls in winter, but only in
small quantities. The area is exposed to the moist northeast-
ern trade wind, which is responsible for the lush green veg-
etation of Anaga mountains. The vegetation is shrubby-her-
baceous, dry-Mediterranean and characterized by numerous
endemic species such as Artemisia thuscula, Descurainia
millefolia, Aeonium canariense, Asphodelus tenuifolius,
Achyranthes aspera and Galactites tomentosa. Fieldwork
was conducted once a week during a 5-week period at the
peak of the flowering season of E. simplex, between 10th
May and 8th June 2016.

Flower visitors and visitation frequency

Data on diurnal visitors and visitation frequency was avail-
able from our previous study on this plant (Jaca et al. 2019).
To identify nocturnal flower visitors and determine their
visitation frequency, a total of 18 haphazardly chosen indi-
vidual plants were observed during focal censuses for a total
of 35 h. A census consisted in the observation of individual

plants for 60 min, for a total of ca. 2 h per plant at a shorter
distance (0.5 m). Observations started after dusk (between
21:30 h and 22:00 h) and lasted up to midnight (between
23:30 h and 00:00 h), as nocturnal pollination composition
does not usually change during the night (Jennersten 1988;
Cordeiro et al. 2017) and visitation frequency is more related
to weather conditions than night-time, as observed by video
recordings (Jaca et al. 2019). During the days of the experi-
ments (8th-11th May 2016), sunrise occurred about 07:15 h
and sunset about 20:45 h (information taken in the capital,
Santa Cruz de Tenerife, similar to the fieldwork site due to
its proximity). Insects of all species or morphospecies were
captured and taken to the lab for identification. Animals
were considered as flower visitors whenever they touched
the flower, as the sexual organs are exerted from the corolla.
For each flower visitor, we recorded species identity (some-
times at family or order level), number of flowers and section
of the plant visited (i.e. high, intermediate or low section).

Relative effectiveness of night and day flower
visitors as pollinators

We conducted experiments to study the importance of pol-
lination by diurnal and nocturnal flower visitors. Prior to
flowering, the inflorescences of 21 haphazardly selected
plants were bagged with muslin cloth to exclude any type of
flower visitor and randomly assigned to day (‘diurnally polli-
nated plants’) or night (‘nocturnally pollinated plants’) time
exposure treatment. Once per week, diurnally pollinated
plants were unbagged during all the hours of the day (from
06:00 h to 21:00 h), while nocturnally pollinated plants were
unbagged all the hours of the night (from 21:00 h to 06:00 h
the next day), and kept bagged the rest of the time. Addition-
ally, 12 plants were permanently bagged to assess the level
of autogamy, while 13 individuals were left open to pollina-
tors, i.e. acting as a control group.

Five cymes from upper, intermediate and lower sections
of each inflorescence and plant were collected once ripe and
taken to the laboratory. Fruit set was calculated as the pro-
portion of flowers that develop into fruits, and seed set as
the amount of viable seeds produced per fruit. Seeds were
regarded as non-viable (aborted) based on a characteris-
tic smaller size and greyness. Previous germination trials
confirmed that such seeds are indeed not viable (Jaca et al.
2019).

Germination trials were later carried out to test for
differences among treatments (i.e., control, autogamy,
diurnal pollination and nocturnal pollination). A total of
1105 viable seeds (at least 18 seeds per plant, i.e., six
seeds per inflorescence section per plant) were sown in
early October 2016 into trays filled with a 1.2.1 mixture
of peat, common agricultural soil and ravine sand in a
greenhouse in Tacoronte (North Tenerife), as in Jaca et al.
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(2019). Trays were watered every two days to ensure that
the soil was constantly moist, and seedling emergence
was registered every 5 days for 3 months until January
2017, when the germination experiment concluded after
no seeds germinated during the next 25 days. Germina-
bility (fraction of seeds that germinate) and germination
rate (days to germination) were recorded for each seed
(although we use the term germination we actually refer
to the seedling time emergence). Seeds sown under each
treatment were previously weighed to the nearest 0.1 mg.

Statistical analyses

We used generalized linear mixed models (GLMM) in
R software version 3.5.0 (R Core Team 2018), followed
by a Tukey test of multiple comparisons. Census obser-
vations were clustered into functional groups of visitors
for the analysis. The model was adjusted to a gamma
error distribution with a negative inverse link function,
using the number of probed flowers per unit time and per
flower as response variables and observation ID, nested
in ‘individual plant’, as random effect. For the diurnal vs.
nocturnal pollination and germination experiments, each
estimate of plant reproductive success (i.e. fruit set, seed
set, seed weight, germinability, and germination rate)
was analysed separately as an independent variable. In
these models, the response variables used were treatment
and inflorescence section, whereas individual plant was
used as random effect to control for lack of independence
among flowers on the same individual plant. Differences
in fruit set and germinability were estimated using a bino-
mial error distribution and logit link function, whereas a
Poisson family with a log link function was used to test
for differences in seed set and germination rate (as the
data were a discrete count of seeds or days, respectively).
Seed weight was normally distributed and, for this vari-
able, we thus adjusted errors to a Gaussian distribution
and identity link function.

Results
Floral visitors and visitation rates at night

Nocturnal insects visiting flowers of E. simplex were clus-
tered into 6 groups: (1) moths, at least ten morphospecies,
of which only two (Paradrina rebeli and Eupithecia sp.)
could be identified, (2) beetles, mainly Alloxantha sp., with
one unidentified, (3) neuropterans (Chrysoperla carnea, F.
Chrysopidae), (4) dictyopterans (Phyllodromica brullei, F.
Blattellidae), (5) dermapterans, (Guanchia sp. F. Forficuli-
dae), and (6) julidans (Ommatouilus moreletii, F. Julidae)
(Table 1). Visitation rates exhibited differences among insect
groups (y>=142.03, df=5, P <0.001). The most frequent
insect groups were lepidopterans (Fig. 1), visiting higher
(distal) sections within the inflorescences, followed by
coleopterans at intermediate and low positions, and other
species mainly at the low sections (Table 1).

Comparative reproductive effectiveness
of nocturnal and diurnal pollination in the three
inflorescence sections

Fruit set was affected by pollination treatment and inflores-
cence section (pollination treatment X section: y*>=33.34,
df=6, P<0.001, Fig. 2). The number of fruits produced
per flower was higher in the control plants open to pollina-
tors, compared to those excluded from all pollinators and to
those only visited by nocturnal pollinators. Within a plant,
the number of fruits produced was higher in upper and bot-
tom inflorescence sections in nocturnally pollinated plants,
whereas it was higher in the upper section in diurnally pol-
linated plants (Fig. 2).

There was no interaction effect of pollination treat-
ment x inflorescence section on seed set (y>=12.38, df =6,
P=0.054). Seed set was influenced by pollination treatment
(;(2 =17.25,df=3, P<0.001, Fig. 3) but not by inflorescence
section (y>=1.93, df=2, P=0.38). Diurnally pollinated
plants produced more seeds per fruit than nocturnally pol-
linated ones and also than control plants (Fig. 3).

Table 1 Number of visits per

. ; Visitor group No. visits Position within the inflorescence

inflorescence section by each

group of nocturnal visitors Upper Intermediate Bottom
Lepidoptera (at least 10 moth morphospecies) 69 41 23 5
Coleoptera (mainly Alloxantha sp.) 19 0 8 11
Chrysoperla carnea (Neuroptera) 1 0 1 0
Phyllodromica brullei (Blattaria) 1 0 0 1
Guanchia sp (Dermaptera) 4 0 1 3
Ommatouilus moreletii (Julidae) 3 0 0 3
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Fig. 1 Flower night visitation
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Similarly, there was no interactive effect on seed weight
between pollination treatment and inflorescence section
(;(2= 10.67, df=6, P=0.10). Seed weight was affected
by both pollination treatment and inflorescence section
(*=8.96, df =3, P=0.03; and y>=24.51, df =2, P<0.01,
respectively, Fig. 4). Seeds from selfed flowers were sig-
nificantly heavier than those from control flowers (Fig. 4A).
Moreover, bottom inflorescence sections produced lighter
seeds than upper and intermediate sections (Fig. 4B).

Regarding germination patterns, both germinability and
germination rate were influenced by an interactive effect
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among seed weight, inflorescence section and pollination
treatment (y*=16.01, df =6, P <0.05, and y*>=104.30,
df=6, P<0.001, respectively, Figs. 5 and 6).

In all inflorescence sections, most of the heavier seeds
from control plants germinated. However, seeds from other
treatments and inflorescence sections behaved differently.

The heavier seeds of the diurnally pollinated plants ger-
minated more when seeds were from the high sections of
the inflorescence. The opposite occurred with seeds from
the intermediate and low inflorescence sections, i.e. heavier
seeds germinated less. Furthermore, the heavier seeds of
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the nocturnally pollinated plants in the high and intermedi-
ate sections germinated slightly more than the lighter ones,
whereas the opposite happened with seeds from the low sec-
tions, i.e. germinated less than lighter ones. Finally, for the
autogamy treatment, we found that the heavier seeds had
a higher germinability than the lighter ones, but this was
only with seeds from the intermediate section and we found
the opposite in the low and high sections, i.e. lighter seeds
germinated more (Fig. 5).

Regarding germination rate, heavier control seeds from
the upper and intermediate sections germinated earlier,
whereas those from the bottom section were later. The ger-
mination rate of seeds in relation to their weight in diur-
nally vs. nocturnally plants showed the opposite patterns, i.e.
heavier seeds from the upper and bottom sections of diur-
nally pollinated plants germinated faster, but not those from
intermediate sections, and heavier seeds from the upper and
bottom sections of nocturnally pollinated plants took longer
to germinate, while those from intermediate sections germi-
nated faster (Fig. 6). Finally, heavier selfed seeds germinated
faster than the lighter ones from all sections of the plant.

Discussion

Ours is the first study that combines the effect of type of pol-
linators (nocturnal vs. diurnal) and inflorescence section on
the reproductive success of a plant species. Echium simplex
exhibited a uniform fruit set along the inflorescence, sug-
gesting absence of competition among sections or maternal
constraints, and uniform pollination. Although the species
is mostly pollinated during the day, we found that noctur-
nal and diurnal pollinators displayed a complementary pol-
lination behaviour which translated into a complementary
reproductive success.

Diversity of flower visitor groups

At night, E. simplex flowers are visited by six different
functional groups of animals. This is a higher number than
the usually reported in nocturnal pollination studies, where
mostly moth visits are reported (Stephenson and Thomas
1977; Jennersten and Morse 1991; Jirgens et al. 1996;
Ghazoul 1997; Groman and Pellmyr 1999; Martinell et al.
2010, but see Brantjes and Leemans 1976). However, the
attractiveness of this plant for insect visitors is greater dur-
ing daytime, with up to 90 species of flower visitors identi-
fied (Jaca et al. 2019). This pattern of higher species diver-
sity during the day is found in some plants (Jennersten and
Morse 1991; Ghazoul 1997), though diversity is higher at
night in others (Brantjes and Leemans 1976; Stephenson
and Thomas 1977 Jiirgens et al. 1996; Groman and Pellmyr
1999; Martinell et al. 2010). Some nocturnal insects are also
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observed in day censuses (Knop et al. 2017), as in our study.
Indeed Chrysoperla carnea, Guanchia sp. and Phyllodro-
mica brullei were also recorded in diurnal censuses (Jaca
et al. 2019), as these animals can have diurnal activity or
rest/hide within the flowers.

The most common nocturnal visitors in E. simplex were
moths and the beetle Alloxantha sp. (Oedemeridae). This
contrasts with other studies that report beetle visits as
merely anecdotal (Stephenson and Thomas 1977; Groman

and Pellmyr 1999; Martinell et al. 2010, but see Knop et al.
2017). When moths land on the inflorescence of E. simplex
they sometimes walk over the flowers while probing them,
and may remain on them for a short period. All body parts
can contact the exerted anthers and pistils, and thus they are
potentially effective pollinators (Ghazoul 1997). The moth
diversity we found on E. simplex is much lower than that
reported in other studies in both paleartic and neartic realms,
such as those on Manfreda virginica or Silene otitis and S.
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sennenii (Brantjes and Leemans 1976; Groman and Pell-
myr 1999; Martinell et al. 2010), but is similar to Catalpa
speciosa or S. vulgaris and others (Stephenson and Thomas
1977; Jiirgens et al. 1996). Beetles feed on pollen and move
within the flowers but are probably irrelevant pollinators.
In fact, their presence may indeed be deleterious, reduc-
ing final reproductive success by removing pollen from the
stigmas (Kevan and Baker 1983; Jaca et al. 2019). As for
other flower visitors, these nocturnal beetles were seen only
anecdotally in other studies on night pollination, without
being considered as pollinators (Crumb et al. 1941; Brantjes
and Leemans 1976; Thien 1980; Schneemilch et al. 2011;
Knop et al. 2017). However, specific floral cues like scent
components involved in attracting nocturnal animal visitors
are unknown for this plant and may be worth addressing in
future studies,

Regarding visitation frequency, nocturnal visitors were
less frequent than diurnal ones (Jaca et al. 2019). This pat-
tern is consistent with that found in most nocturnal pollina-
tion studies, despite the target species having a nocturnal
syndrome (Stephenson and Thomas 1977; Ghazoul 1997;
Young 2002 for a comparative table among studies; Mar-
tinell et al. 2010). It has been suggested that nocturnal visi-
tors are scarcer because of their energetics, as they might
require a larger nectar reward because of the cooler night
temperatures (Morse and Fritz 1983); it has also been sug-
gested that they could increase their length of visit during
the night compared to diurnal pollinators (McMullen 2009).

Reproductive effectiveness of night and day
pollination in the inflorescence sections

In our previous studies on E. simplex, we found that diurnal
flying hymenopterans are the main pollinators responsible
for its reproductive success (Jaca et al. 2019). In general,
control plants set more fruits than diurnally or nocturnally
pollinated, and than selfed plants, while diurnally pollinated
plants set more fruits than nocturnally pollinated and selfed
plants. This result is consistent with other studies (Bertin
and Willson 1980; Morse and Fritz 1983; Jennersten and
Morse 1991; Guitian et al. 1993; Navarro 1999), but not with
others in which no differences have been found (McMullen
2009) or where a higher fruit set in nocturnally pollinated
plants compared to diurnally pollinated plants has been
reported (Martinell et al. 2010).There was no difference
in fruit set among plant sections in either control or selfed
plants, suggesting absence of competition among sections or
maternal constraints, and uniform pollination in E. simplex,
hence refuting the three hypotheses raised in the introduc-
tion, unlike most studies of reproductive success patterns in
inflorescences (Diggle 1995 for a review; Tremblay 2006;
Torices and Méndez 2010). It is generally thought that
perennial monocarpic species use stored reserves for fruit
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development rather than resources obtained during the flow-
ering season, even more so than annually fruiting species
(Stephenson 1981; Udovic and Aker 1981). However, day-
and night-pollinated plants showed a fruit production pattern
indicating non-uniform pollination (Karoly 1992; Kudo et al.
2001; Tremblay 2006). Some studies (Lee 1988; Tremblay
2006) have reported higher reproductive success in bottom
positions due to the behaviour of pollinators; these move
distally upward on inflorescences, may become satiated with
the resources and thus may leave the plant before visiting
the upper flowers; alternatively, the bottom of the inflores-
cence may be more likely than the distal parts to receive
cross pollen. We found that diurnally pollinated plants set
more fruits in upper inflorescence sections. One explanation
might be that if diurnal insects (mostly bees) do indeed move
upwards, upper positions may avoid stigma clogging to some
extent (Brown and Mitchell 2001) if E. simplex competes
with other co-flowering plants for pollinators. By contrast,
other studies found higher pollen deposition in the upper
flowers of inflorescences, with no relation to directional
pollinator foraging and bee preference for higher flowers
(Roubik et al. 1982; Lortie and Aarssen 1999). The deposi-
tion of large amounts of self-pollen, however, may also clog
up the stigma and prevent effective pollination (Kikuzawa
1989; Thomson 1989b).

Nocturnally pollinated plants were found to set less fruits
in intermediate compared to bottom and upper parts. The
presence of Alloxantha sp. consuming the pollen in inter-
mediate sections might reduce final reproductive success;
previous studies have documented beetles reducing plant
fitness due to pollen consumption (Kevan and Baker 1983).

Diurnally pollinated plants set more seeds per fruit than
control plants. This finding in E. simplex is consistent with
studies by Jennersten (1988) and Martinell et al. (2010) who
found higher or equal seed set in controls and day-pollinated
plants. However, the reduced seed set in control plants may
be compensated by the greater fruit production. Although
some studies also found higher seed set in diurnally com-
pared with nocturnally pollinated flowers (Jennersten 1988),
most studies actually found the opposite (Jiirgens et al.
1996; Groman and Pellmyr 1999; Young 2002; Martinell
et al. 2010) or no effect (Jennersten and Morse 1991). In
addition, no differences were detected between seed set of
nocturnal and selfed fruits, indicating a low effectiveness of
nocturnal pollinators, as documented by Jennersten (1988)
for Viscaria vulgaris.

Seeds of E. simplex coming from selfed flowers were
heavier than those resulting from cross-pollination. The
reason is that the former have a thicker coat, whilst embryo
size is similar between the two treatments (Jaca et al.
2019). Comparing seed weight between inflorescence sec-
tions, bottom seeds were lighter than upper and intermedi-
ate ones. This contrast with other studies that have found
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basal seeds to be heavier (Byrne and Mazer 1990; Navarro
1996; Vallius 2000).

In accordance with findings from other germination
studies (Schemske 1983; Navarro and Guitian 2002),
heavy seeds showed higher germinability and germinated
faster than light ones in all treatments, except those from
the bottom sections of inflorescences. The thicker seed
coat produced by selfed flowers is probably what slows
germination (Crocker 1906; Miyoshi and Mii 1988).
Indeed, this was previously reported in at least one spe-
cies, Sinapis arvensis (Paolini et al. 2001).

Concluding remarks

Despite the relatively abundant literature on nocturnal
vs. diurnal pollination, and on fruiting patterns along the
inflorescences, this is the first study that examined both
effects simultaneously. We found that E. simplex was
visited at night—mainly by moths and beetles—but at
lower rates than during the day. The exclusion experiment
indicated that fruiting patterns along the inflorescences
in open-pollinated and selfed plants show no variation,
revealing absence of competition among sections or mater-
nal constraints, and uniform pollination. By contrast, dif-
ferences were found between nocturnally and diurnally
exposed plants, suggesting different behaviour between
nocturnal and diurnal pollinators. This may generate
complementarity effects in E. simplex pollination ser-
vices. However, presumably because of the extremely high
visitation frequency, diurnally pollinated plants set more
fruits and seeds than nocturnally pollinated plants. Seeds
from selfed flowers were heavier than those resulting from
cross-pollination and showed reduced germinability and
germination rate. This is because the former have a thicker
coat, whilst embryo size remains similar. On the other
hand, crossed seeds showed increased germinability and
germination rate than lighter ones in all exclusion treat-
ments and in the upper and intermediate sections.
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