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ABSTRACT

e Oceanic island ecosystems favour the appearance of novel interactions as a conse-

quence of their depauperate and disharmonic flora and fauna. We investigated Echium
simplex, endemic to the Anaga Biosphere Reserve in NE Tenerife, Canary Islands,
belongs to the Canarian bird—flower element.

Along two flowering seasons, we studied the breeding system of E. simplex, identified
the floral visitors and compared the pollination effectiveness of different animal guilds
(insects versus vertebrates) by means of selective exclosures.

E. simplex is self-compatible but selfing significantly reduced fruit set. The flowers
were visited by five bird species (mostly Phylloscopus canariensis and Serinus canarius,
but also Cyanistes teneriffae, Sylvia atricapilla and Sylvia melanocephala), a lizard spe-
cies (Gallotia galloti) and over a hundred insect species (mainly hymenopterans and
coleopterans). Flying insects increased fruit set whereas small flower dwellers (mostly
beetles) decreased both fruit and seed set. Vertebrates had a negligible effect on repro-
ductive success.

We conclude that although the floral resources provided by E. simplex may be impor-
tant to some vertebrate species, these do not appear to contribute to increase fitness of
the plant, which was more dependent upon flying insects for fruit and seed set. We
additionally found that plant reproductive structures are heavily damaged by feral

doi:10.1111/plb.12926

INTRODUCTION

Due to their geographic isolation and relatively small size
compared to inland areas, oceanic island ecosystems have
unique evolutionary histories (Warren efal. 2015), often
containing a high number of endemic species (Carlquist
1974; Kier et al. 2009). Such isolation hinders colonisation
and dispersal processes, leading to depauperate and dishar-
monic biota (Gillespie & Roderick 2002). Succesful coloni-
sation and establishment on islands for any group of
organisms is influenced by their life histories and reproduc-
tive systems (Gillespie & Roderick 2002). Thus, for instance,
the requrement of specialised animal pollinators for some
plant species may be an impediment to their establishment
(Barrett 1996). The usually high incidence of wind-polli-
nated plants on oceanic islands led to the hypothesis on the
benefits of wind pollination on islands (Carlquist 1974;
Crawford efal. 2011 and references therein), and there is
evidence that several originally specialist insect-pollinated
plant lineages switched to wind or generalist pollination
after island colonisation (Crawford etal. 2011 and refer-
ences therein). As a consequence of the depauperate and
disharmonic flora and fauna, island plant—pollinator net-
works are much poorer in species and less complex than
those in mainland areas, especially oceanic islands (Traveset

goats, which threaten the maintenance of this Canarian endemic species.

et al. 2015). Moreover, oceanic island networks often con-
tain supergeneralist species, i.e. those that interact with a
disproportionate number of species (Olesen et al. 2002).
Such supergeneralists are important elements of island
ecosystems and favour novel mutualistic interactions.

Novel pollination interactions between plants and oppor-
tunistic, food-generalist vertebrates, such as birds and lizards,
are particularly prevalent in island systems (e.g. Grant &
Grant 1981; Olesen 1985; Traveset & Sdez 1997; Olesen &
Valido 2003). This phenomenon has been especially docu-
mented from the tropics (Anderson 2003), and more recently
also from temperate regions (da Silva ef al. 2014), which has
been interpreted as the response of such vertebrates to den-
sity compensation and trophic niche expansion in both bird
(Wright 1980 and references therein) and lizard (Rodda &
Dean-Bradley 2002 and references therein) populations in
island areas. Under food shortage, flower rewards such as
nectar, pollen, floral oil, petals, water and flower-visiting
insects attract potential vertebrate pollinators (Cecere et al.
2011), which can be essential for both specialised and non-
specialised nectarivorous species (Cronk & Ojeda 2008;
Cecere et al. 2011).

These vertebrates may be more trustworthy pollinators than
insects under particular ecological circumstances, specifically
when the latter are scarce and have low population densities,
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e.g. in high-altitude ecosystems, bad weather conditions, iso-
lated islands and for winter-flowering plants (Cronk & Ojeda
2008 and references therein). Typical ornithophilous (bird-
visited) flowers, in particular, possess a set of features (bird
pollination syndrome) such as scarlet, red or orange colour,
absence of scent and nectar guides, large, funnel-like flowers
and abundant and dilute nectar (Faegri & van der Pijl 1966;
Rausher 2008). This syndrome has evolved independently in
many groups of plants from bee-pollinated systems,
ornithophily being a dead evolutionary end, and where turn-
around is uncommon and unlikely (Rausher 2008; Van der
Niet & Johnson 2012; Ojeda 2013). Usually, the transition in a
bird pollination system starts with the flower pigmentation
changing towards red, as in Lotus, Mimulus and Ipomoea
(Cronk & Ojeda 2008). Such an evolutionary dead end implies
highly specialised interactions, making these plants more vul-
nerable to extinction than more generalised plants (Ojeda
2013).

The Macaronesian islands have received much attention
regarding flower visitation by generalist passerines since the
late 19th century (Porsch 1924 citing observations of Lowe in
1896; Schmucker 1936; Ojeda 2013). Nearly 20 plant species,
most of them endemic, from different families have been
reported to be ornithophilous. The assemblage of such species
is actually referred as the ‘Macaronesian bird-flower element’,
which includes plant genera such as Isoplexis, Scrophularia,
Echium, Canarina, Aeonium, Lotus, Anagyris, Lavatera,
Euphorbia, Teucrium, Rhamnus, Scrophularia and Navaea
(Valido & Olesen 2010). Generalist vertebrates that often visit
flowers for nectar include bird species in the genera Phyllosco-
pus, Cyanistes, Sylvia, Serinus and Fringilla among birds, and
lizard species in the genus Gallotia. Most ornithophilous
plants in the Canary Islands, in particular, have been shown
to descend from continental ancestors that had ento-
mophilous flower traits (Valido et al. 2004). One exception,
however, is the Canarina genus in which ornithophily already
evolved in continental ancestors in response to specialised
nectarivorous sunbirds (Olesen et al. 2012). No evidence of
sunbirds, present in the past on the mainland (Mayr & Wilde
2014), exists from the fossil record of the Canarian archipe-
lago (Valido et al. 2004).

The effectiveness of generalist vertebrates as pollinators
has been confirmed so far only in a few studies in the
Canarian archipelago: Isoplexis canariensis (Rodriguez-
Rodriguez & Valido 2008), Canarina canariensis (Rodriguez-
Rodriguez & Valido 2011) and Navaea phoenicea (Mal-
vaceae) (Ferniandez de Castro etal. 2017). With the main
goal of providing further insights on the role of vertebrates
in plant reproductive success in the Canarian archipelago,
and on evolution of the bird pollination syndrome in Mac-
aronesia, we selected the endemic Echium simplex (Boragi-
naceae) which belongs to the Canarian bird-flower element
(Valido & Olesen 2010) and for which there is no informa-
tion on its breeding and pollination system. The main
objective of our study was to experimentally determine the
effectiveness of vertebrates (birds and lizards, specifically) as
pollinators and compare it to that of insects. We first
assessed the breeding system of the plant and then evaluted
the relative effectiveness of the different groups of flower
visitors as pollinators in terms of fruit and seed production
and seed germination. In addition, as naturalised goats were
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observed feeding on reproductive E. simplex plants, at differ-
ent stages of inflorescence development and often causing
severe plant damage, we quantified the level of herbivory in
this endemic plant whose most abundant populations are
found in the study area.

MATERIALS AND METHODS
Study species

The giant rosette plant Echium simplex DC. (Boraginaceae),
locally known as ‘tajinaste blanco’, is endemic to the Anaga
Biosphere Reserve in NE Tenerife (Canary Islands). This area
encompasses one of the most recent zones of the island, 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 the
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. wildpretti in La Palma and Tenerife, and E. pininana
in La Palma, and grows for 5-9 years before producing a sin-
gle inflorescence (Stocklin & Lenzin 2013). Reproductive indi-
viduals reach a height of up to 3 m, of which the long
inflorescence — composed of scorpioid cymes — can contribute
up to 1.5 m. The inflorescence height is directly proportional
to the rosette diameter. The cymes are double coiled and the
largest plants may have three to four branches per cyme. After
a successful pollination event, a flower develops into a fruit
which consists of a maximum of four nutlets. The number of
cymes and flowers per wrap increases along the inflorescence.
The smallest of our examined plants had an average of 12
flowers per wrap, whereas the largest had 51. The number of
mature subfruits per flower (one to three, on average) also
increased along the length of the inflorescence. Hence, the
number of potential seeds produced increases enormously in
relation to the size of the inflorescence, ranging from 4560 to
234 000 (Stocklin & Lenzin 2013). Preliminary observations
on flower visitors of E. simplex noted insect species, mostly
honeybees and wild bees, beetles and ants (Stocklin & Lenzin
2013), and some passerine birds (Valido & Olesen 2010), but
neither quantitative nor qualitative data existed prior to this
present study.

Study area

The study site is located northwest of Chamorga village, north-
east Tenerife (Canary Islands). The population of E. simplex is
at ca. 250 m a.s.l. and occupies an area of ca. 1 km?. There are
also scattered individuals along the trail of the north coast. The
location has a warm coastal climate with average temperatures
between 17 and 19 °C in winter and between 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 north-
east wind, which is responsible for the lush green vegetation of
Anaga Mountains. The vegetation is shrubby-herbaceous, dry
Mediterranean and characterised by numerous endemic species
such as Artemisia thuscula, Descurainia millefolia, Aeonium
canariense, Asphodelus tenuifolius, Achyranthes aspera and
Galactites tomentosa. Fieldwork was conducted during the
reproductive season of E. simplex, between April and June 2015
and 2016.
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Plant breeding system

Hand-pollination experiments were performed on a total of 30
randomly selected plants. In each individual plant, we ran-
domly assigned flowers to five different treatments: (i) auto-
gamy: flowers were bagged (with muslin) before anthesis and
left until fruits were produced to evaluate the autonomous self-
ing capacity; (ii) apomixis: flowers were emasculated and
bagged to assess their capacity to produce fruits without pollen;
(iii) anemogamy: flowers were emasculated and bagged with
nylon mesh allowing pollen but not insects to pass through;
(iv) xenogamy: a fresh pollen mix source (from two to three
plants in the same population) was applied to the stigmas of
flowers which had been also previously emasculated; and (v)
open pollination: a group of flowers from each plant was kept as
control treatment, leaving flowers open to natural pollination.

The apomixis and anemogamy treatments were performed
only in 2015 on one flower per plant. In contrast, the autogamy
and xenogamy treatments were conducted both in 2015 (on
three flowers per plant) and 2016 (on four flowers per plant).
Each year, the control flowers were marked simultaneously as
pollination treatments were performed.

Flowers used for the autogamy and xenogamy treatments
were kept in muslin bags to exclude any animals or potential
airborne pollen grains. Bags were removed and fruits collected
when ripe. Fruit set was calculated as the proportion of flowers
that developed fruit, whereas seed set as the amount of viable
seeds produced per fruit. Seeds were regarded as non-viable
(aborted) based on characteristic greyness and smaller size. A
germination experiment was conducted in order to test the
accuracy of this assumption. A total of 313 seeds were ran-
domly selected from a pool that had been classified as aborted
and were left to germinate. Only 4.15% of those seeds germi-
nated successfully, in contrast to the 77.02% of the seeds con-
sidered as viable, thus we considered our classification as valid.

Flower visitors and visitation frequency

To identify flower visitors and determine their visitation fre-
quency, a total of 143 individual plants, chosen randomly, were
observed during focal censuses. Vertebrates (birds and lizards)
were monitored for 30 min per census from a place 5-10 m
away from the plant and using binoculars. Flying insects were
observed for 10-15min per census at a shorter distance
(0.5 m) from the plant. Insects of all species or morphospecies
were captured and taken to the lab for identification. Flower-
dweller insects on each censused plant were counted after flying
insect observations. These direct observations were supple-
mented by video recording and photographs. Animals were
considered as flower visitors whenever they touched the flower,
as sexual organs are exerted from the corolla. For each flower
visitor, we recorded: species identity (sometimes family or
order for insects), number of flowers visited (for insects and
birds when possible) and time on the inflorescence (for birds
and lizards). For the vertebrate censuses, we monitored 41
plants over 33.75 h of diurnal observations (N = 72; 15-30 min
periods) in 2015 and 41 plants over 104.58 h of diurnal obser-
vations (N =217; 10-30 min periods) in 2016. For the insect
censuses, we monitored 35 plants over 10.84 h of diurnal
observations (N = 65; 10-min periods) throughout the flower-
ing season of 2015, and 31 plants for 31h of diurnal
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observations (N = 120; 15-30 min periods) in 2016. All cen-
suses began in early April and lasted until early June.

Relative effectiveness of flower visitors as pollinators

Based on observations of flower visitors, we conducted experi-
ments to study the pollination importance of different guilds of
pollinators (passerine birds, lizards, flying insects and flower
dwellers). Five randomly assigned exclusion treatments were
performed on each individual plant: (i) fotal exclusion: the whole
inflorescence was bagged (with muslin bags) to exclude any type
of flower visitor; (ii) bird exclusion: the plants were entirely cov-
ered with a 5 x 2 cm plastic mesh to avoid birds accessing the
flowers; (iii) lizard exclusion: a 30-cm diameter acetate funnel
was placed at the base of the inflorescence to avoid lizards
climbing into flowers; (iv) vertebrate (bird + lizard) exclusion:
plants were covered with the cage and a basal funnel was placed
at their base; and (iv) only access by flower dwellers: plants were
covered with a nylon mesh bag with 3 x 3 mm openings that
allowed small insects (mainly small beetles and ants) to enter
and crawl between flowers. Another group of plants were used
as controls, i.e. they were left open to all flower visitors. A total
of 10-15 individuals was used for each treatment. The plants
were inspected daily to guarantee that the enclosures did not
interfere with flower visitor foraging.

Fruits were collected when ripe and taken to the laboratory
where seed viability was evaluated using the procedure
described above. In 2015, all treatments were performed, but in
2016 we only repeated treatments 1 (total exclusion) and 5
(only flower dwellers exclusion), plus the control group. For
each treatment, we again assessed fruit and seed set.

Different pollinators may deposit pollen of different quality
(Ne’Eman et al. 2010), which may lead to different germinabil-
ity. In order to test for differences in germination patterns (ger-
minability and germination rate) among treatments, we carried
out germination trials in a greenhouse in Tenerife. A total of
2245 viable seeds were sown in early October (both 2015 and
2016) into trays filled with a 1:2:1 mixture of peat, common
agricultural soil and ravine sand. Trays were periodically
watered every 2 days to ensure that the soil was constantly
moist, and seedling emergence was recorded every 5 days for
3 months until January, when the germination experiment
concluded after no seed germination for >25 days. Germinabil-
ity refers to the fraction of seeds that germinated, whereas ger-
mination rate is the number of days elapsed since seed sowing
to seedling emergence. Sown seeds of each treatment were pre-
viously weighed to the nearest 0.1 mg.

Herbivory levels

Most reproductive individuals in the population were checked
for herbivore damage in late June 2015 and 2016 and, when this
was present, it was classified into four types depending on the
stage at which it was produced and on the extent of damage: (i)
at early stage with total or partial herbivory of the flower meris-
tem, causing total lack of flowers, or delayed and ball-shaped
flowering; (ii) at intermediate stage with apical herbivory of the
growing inflorescence stem, causing short/square-shaped flower-
ing; and (iii) at final flowering stage, causing normal-shaped but
with some grazed parts of the inflorescences. In this last case,
the percentage of the plant that was affected was also recorded.
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Statistical analyses

We used GLMM) in R version 3.3.3 (R Core Team 2018) fol-
lowed by a Tukey test of multiple comparisons. For the hand-
pollination, plant exclusion 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 a dependent variable. Treatment and year were
used as fixed factors, and seed weight and inflorescence height
were also included in the models as covariables; these were
removed from such models when non-significant. Individual
plant was used as random effect to control for lack of indepen-
dence among flowers on the same individual plant. Differences
in fruit set and germinability were estimated using a binomial
error distribution and logit link function, whereas a Poisson
family was used to test for differences in seed set and germina-
tion rate (as data were a discrete count of seeds or days, respec-
tively). Seed weight was normally distributed and, for this
variable, we thus adjusted errors to a Gaussian distribution.

To test for differences in flower visitation rates, we builta model
including as response variable the number of flower visits per unit
time and per flower, whereas the predictor variables were: animal
group, year, day, time of day and number of flowers per plant.
Besides differences between animal groups, we thus aimed to
detect differences in the pattern of flower visitation between years,
within season and during the day; we further included individual
flower crop as this might be an important factor determining the
visits ofa given guild of pollinators. We performed separate analy-
ses considering the different types of census carried out, i.e. for
insects and for vertebrates. We evaluated collinearity by means of
the variance inflation factor (VIF), and variables with VIF > 3
were removed from the model (Zuur ef al. 2009). To find the best
model, we used model selection with the dredge function in the R
package MuMIn (multimodel inference) and adjusted data to a
gamma error distribution. Again, observed plant was used as
random effect. The VIF analysis showed that all predictors had
low collinearity (<3) and thus were included in the models.

Pollination effectiveness (PE) was calculated and pollination
landscape built using the methodologies developed by Rey-
nolds & Fenster (2008) and Schupp et al. (2010). Only the
major groups of flower visitors (i.e. birds, lizards, flower insect
dwellers and flying hymenoptera) were considered in this anal-
ysis. The quantitative component (QNC) was considered as
number of visits per 500 flowers per hour, whereas the qualita-
tive component (QLC) was percentage fruit set. Mean and SE
of each component was estimated using 500 simulations on
boostrap resamples of 80 empirical data in order to combine
estimates of QNC and QLC subcomponents obtained in differ-
ent sets of field observations and experiments. The final QNC
and QLC subcomponents were obtained as the average across
resampling trials to evaluate the stability of the estimation, and
pollination effectiveness was calculated as the product of QNC
and QLC subcomponents. Throughout the paper, all means
are = 1 SE unless otherwise indicated.

RESULTS
Flower characteristics

Flowers are protandrous and open for 2-3 days (N =90). The
carpel elongates and splits becoming longer than the anthers
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during the female phase. The flowers open successively from
the proximal to the distal part of the cyme. The total flowering
time of a plant is 3-5 weeks. We studied the nectar standing
crop in 20 plants, finding that it varied significantly during
flower ontogeny (x> =6.53, df =2, P=0.04), with male and
transitional flowers producing more nectar (2.05 %+ 0.46 ml,
N = 23; and 1.89 £ 0.48 ml, N = 28, respectively) than females
flowers (1.09 4 0.24 ml, N = 37). However, we did not detect
significant differences (y*=4.72, df=2, P=0.09) in sugar
concentration between flower phases; this was 15.85 £ 0.93%
in male flowers (N =22), 18.18 £ 0.74% in transitional flow-
ers, (N =23) and 16.71 & 0.73% in female flowers (N = 28).

Breeding system

No fruits were obtained by apomixis and thus those flowers
were removed from subsequent analyses. Likewise, fruit set
resulting from anemogamy was negligible (4%) and might be
due to accidental pollen contamination or even pollination by
tiny insects, such as thrips or tiny ants (Fig. 1). Fruit set varied
with the hand-pollination treatment, and the effect was consis-
tent for the two study years. An average of 70% of flowers open
to pollinators produced fruits, and this was not significantly
different from the xenogamy treatment, suggesting no pollen
limitation. By contrast, autogamous flowers produced signifi-
cantly less fruits (ca. 20%) than controls, showing the benefit
of animal pollination. Fruit set was independent of inflores-
cence height (Table 1).

Regarding seed set, this was similar across treatments, and
was also consistent in time (Table 1). Hence, fruits from autog-
amous flowers produced a similar number of seeds per fruit to
either xenogamous or control flowers. The mean number of
seeds per fruit was 1.25 £ 0.07 (N = 125 fruits).

Floral visitors and visitation rates

Five species of passerine bird were observed visiting flowers of
E. simplex, in order of importance: Phylloscopus canariensis

100

Fruit set (%)
@
3

Control Autogamy Anemoganmy

Treatment

Xenogamy

Fig. 1. Mean (+ SE) percentage of flowers that set fruit for hand-pollination
treatments (Control, N =91 flowers; Autogamy, N =80 flowers;, Anemo-
gamy, N =49 flowers; Xenogamy, N =85 flowers) in E. simplex. Different
letters indicate significant differences among treatments using Tukey’s test
after GLMM.
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Table 1. Mixed model analysis of the effects of year,

pollination and inflorescence height on fruit set and fruit set seed set
seed setin E. simplex. source of variation df x’ P df P
Year 1 1.142 0.285 1 1.552 0.213
Treatment 3 88.903 <0.001 3 3.630 0.304
Treatment Mean + SE N
Control 69.23 + 4.86 91
Autogamy 18.75 +4.39 80
Anemogamy 4.08 + 2.86 49
Xenogamy 52.94 £ 545 85
Inflorescence height 1 0.493 0.493 1 0.868 0.352
Year x treatment 3 2.4132 0.4827 3 4.868 0.182

Bold indicates P-value (P < 0.05).

Fig. 2. Images of different vertebrate flower visitors of £. simplex: (A) Phyl-
loscopus canariensis; (B) Serinus canarius; (C) Gallotia galloti; (D) Cyanistes
teneriffae. Photo credits: Beneharo Rodriguez.

Hartwig, Serinus canarius L., Cyanistes teneriffae Lesson, Sylvia
atricapilla L. and Sylvia melanocephala Gmelin. The mean
number of flowers contacted by birds per unit time was
0.66 £ 0.02 visitis - h™' - flower ' (N = 14). Although much
more rarely and only in 2016, a lizard species — Gallotia galloti
Oudart — was also seen lapping nectar from this plant (Fig. 2).
Vertebrate species and year had an interactive effect in flower
visitation rate (y*=109.21, df =4, P <0.001). Data for both
Sylvia species were pooled for the analysis as identification to
species level was not always possible. Flower visitation rate was
consistent in time within species except for P. canariensis, with

more visits in 2016 compared to 2015 (y*=12.22, df=1,
P <0.001; Table 2). Cyanistes teneriffae was the most frequent
visitor in 2015 whereas it was Phylloscopus canariensis in 2016.
Only one observation of Gallotia galloti on the flowers was
recorded during the censuses in 2016 (Table 2), although this
interaction was also observed on several occasions outside cen-
sus periods during June 2016.

Regarding insects, all floral visitors were clustered into seven
groups: (1) Coleoptera (29 species), (2) Diptera (25 species),
(3) Formicidae (seven species), (4) Hymenoptera (23 species;
Formicidae excluded), (5) Hemiptera (12 species), (6) Lepi-
doptera (three species), and (7) Other (including anecdotal vis-
its of different species of Thysanoptera, Araneae, Blattaria and
Dermaptera species; Fig. 3). A list of all identified species of
insect floral visitors is given in Appendix S1. The most frequent
insect groups were hymenopterans and coleopterans, especially
in 2015, followed by dipterans and ants (Fig. 3B). There was an
interactive effect of group and year (y>=182.69, df=6,
P <0.001). Overall, coleopterans, ants and flying hymenopter-
ans predominated on the flowers (3> = 77.24, df = 1, P < 0.001;
> =10.74, df=1, P<0.001; y>*=58.71, df=1, P<0.001,
respectively; Fig. 3B).

Pollination effectiveness of the different flower-visitor groups

Data on fruit set from treatments performed in both years (i.e.
total exclusion, only flower dwellers and control) were pooled
as no significant effect of year (%* = 0.02, df = 1, P=0.96) and
no interactions between treatment and year ()(2 =0.56, df = 2,
P=0.75) were found. Although the exclusion of both birds
and lizards produced a slightly lower fruit set than in control
flowers, differences were not significant (Fig. 4A). When both
vertebrates and insects were excluded (i.e. flowers could only
be self-fertilised), however, fruit set was much lower, consistent
with the breeding system data. On the other hand, insect flower
dwellers played a negligible role as pollinators; fruit set in this
treatment was similar to that observed when all flower visitors
were excluded (Fig. 4A). Hence, flying insects were the most
effective pollinators contributing to fruit set.

Contrasting results between years were found regarding seed
set. In 2015, both the lizard exclusion and flower dweller treat-
ments produced fruits with less seeds than in other treatments
(x* =19.95, df = 5, P < 0.01; Fig. 3B). In 2016, in contrast, seed
set was not affected by treatment ()(2 =1.96, df =2, P=10.38),

Plant Biology © 2018 German Society for Plant Sciences and The Royal Botanical Society of the Netherlands 5
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Table 2. Flower visitation rate (visits - h=" - flower™") in 2015 and 2016 for
each animal group or species. Asterisks indicate significant differences
between years in the visitation rate. Hymenoptera group is Hymenoptera
other than Formicidae

2015 2016
Invertebrates
Coleoptera* 0.28 +0.037 0.017 £ 0.0027
Diptera 0.015 + 0.0040 0.022 + 0.0049
Formicidae* 0.044 + 0.0086 0.021 £ 0.0026
Hemiptera 0.003 £+ 0.0010 0.003 + 0.0006
Hymenoptera* 0.46 £ 0.065 0.23 £0.030
Lepidoptera 0.0002 + 0.0001 0.0006 + 0.0003
Other 0.0003 + 0.002 0.0002 + 0.0001
Vertebrates
Serinus 0.015 + 0.007 0.017 £+ 0.002
Sylvia 0.011 £+ 0.006 0.005 £ 0.001
Cyanistes 0.036 + 0.021 0.012 £ 0.03
Phylloscopus* 0.008 + 0.05 0.03 + 0.005
Gallotia 0 0.0003 + 0.0003

Fig. 3. Images of invertebrate flower visitors to E. simplex: (A) Pararga
xiphioides; (B) Anthophora alluaudi; (C) Bombus canariensis; (D) Eucera
gracillipes; (E) Apis mellifera. Photo credits: A-D, Juan Curbelo; E, Beneharo

Rodriguez.

but a significant negative effect of inflorescence height on this
variable was detected (XZ =4.11, df =1, P=0.04), i.e. longer
inflorescences set less seeds per fruit than shorter ones. Control
flowers set slightly more seeds in 2015 than in 2016 (1.54 £ 0.03
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Fig. 4. Mean (& SE) (A) percentage of flowers that set fruit for exclusion
experiments and (B) number of viable seeds per fruit for exclusion experi-
ments in 2015 and 2016. Numbers in each bar are samples sizes. For each
year, letters indicate significant differences between treatments; and for
each treatment, asterisks indicate significant differences among years using
Tukey’s test after GLMM.

versus 1.33 + 0.03 seeds-fruit™", respectively; xz =431, df=1,
P =0.04); the ‘flower dwellers’ treatment, however, showed the
opposite pattern (1.30 & 0.08 versus 1.58 + 0.04 seeds-fruit™",
respectively; xz =792, df=1, P<0.01). Flowers totally
excluded of visitors set a similar number of seeds per fruit in the
2 years, an average of 1.67 & 0.04 seeds-fruit™' (Fig. 4B).

Flying hymenopterans were, by far, the most effective polli-
nators (PE = 5662.78) whereas birds, lizards and insect flower
dwellers had a PE close to 0 (PE = 7.04; 0.86 and 2.17, respec-
tively; Fig. 5). Flying hymenopterans showed both high QNC
and QLC but relative strengths of the components depended
on pollinator identity of the other groups. Regarding lizards,
fruit set was the major determinant (7.6%), whereas for insect
flower dwellers the visitation frequency was the dominant fac-
tor (34.73 visits-h'-500 flowers ') and the other components
were null. The higher PE of birds compared to lizards and
insect flower dwellers was explained by both modest QNC and
QLC.

Seed weight varied significantly among treatments
(x* =22.59, df =5, P <0.001). Interestingly, the ‘total exclu-
sion” and ‘flower dwellers’ treatments produced heavier seeds
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depict: flying insects; insect flower dwellers; Gallotia galloti lizards; and birds.

(with thicker seed walls) than control and bird-excluded plants.
In contrast, seeds resulting from vertebrate exclusions had sim-
ilar weights to those from the other treatments (Fig. 6A); for
this analysis, data from the 2 years were pooled as there was no
effect of year (x*=0.02, df=1, P=0.88) and no interaction
between treatment and year (XZ =2.72,df =1, P=0.26).

Regarding germination patterns, the effect of exclusion treat-
ment was highly significant (%* = 12.85, df =5, P=0.02), but
varied depending on seed weight, both in 2015 (x> = 13.80,
df=5, P=0.017) and 2016 (¥*>=10.75, df=2, P=0.004).
Given that there was a significant triple interaction (treat-
ment x seed weight x year) on germinability (3= 6.62,
df =2, P<0.05), seed germination data were separately anal-
ysed for each year (Appendix S2). In 2015, control seeds germi-
nated more than selfed seeds, whereas in 2016, all treatments
had similar germinability (Fig. 6B).

When comparing only the treatments performed in the
2 years (i.e. control, total exclusion and flower dwellers), ger-
minability was higher in 2015 than in 2016 (78.67 £ 0.02%
and 70.78 4 0.01%, respectively; xz =479, df=1, P<0.05;
Fig. 7B). Nevertheless, there were no significant differences in
germination rate among treatments, either in 2015 (x2 =7.31,
df =5, P>0.05) or 2016 (xz =3.36, df = 2, P> 0.05). Interest-
ingly, there was an interaction effect of seed weight x treatment
(x> =39.90, df =2, P < 0.001 and y* = 21.47, df =5, P < 0.001,

respectively), i.e. the effect of treatment depended again on
seed weight (Appendix S2). Germination rate was higher in
2015 (12.20 £ 0.31 days) than in 2016 (16.12 £ 0.49 days;
y*=17.73, df = 1, P < 0.001), both for control and selfed seeds
(x> =7.68, df =1, P=0.006 and > =8.17, df=1, P = 0.004,
respectively).

Herbivory by goats

In 2015, ca. 50% of the 464 reproductive plants examined to
assess herbivory by goats was consumed by these animals to
some extent. In 2016, the level of herbivory was even higher: ca.
99% of the 835 adult plants examined were damaged. In this
year, at least 30% of the inflorescences were totally consumed
and thus no fruits and seeds were produced. Table 3 shows the
number of plants affected for each category of damage (Fig. 7).
In both years, most damaged plants had a ball-shaped inflores-
cence, thus also losing a high proportion of the flowers.

DISCUSSION

Echium simplex has only been anecdotically reported as an
ornithophilous species (Valido & Olesen 2010; Ojeda 2013;
Mittelbach et al. 2015), but in this study we show that it is vis-
ited by a large number of bird species and even, though rarely,
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Fig. 6. Mean (£ SE) (A) seed weight per treatment in 2015 and 2016 and
(B) seed germinability percentage per treatment and year. Numbers in each
bar are sample sizes. For each year, letters indicate significant differences
between treatments; and for each treatment, asterisks indicate significant
differences among years using Tukey's test after GLMM.

by the lizard Gallotia galloti. Despite the flowers can self-ferti-
lise, the plant seems to rely mostly on insects for its reproduc-
tive success, although birds represent a non-irrelevant number
of the total visits to flowers. Our findings indicate that the
flowers of E. simplex constitute a food and water source for
birds and lizards, whereas the plant does not benefitted as
much from visits of these vertebrates to its flowers.

Breeding system

Echium simplex can self-fertilise although it is not agamosper-
mic. Nor is the role of wind for seed production relevant.

Jaca, Nogales & Traveset

A B C D

Fig. 7. Classification of the different types of herbivory that feral goats can
exert on inflorescences of E. simplex (A) lack of flowers, (B) ball-shaped inflo-
rescence, (C) short inflorescence and (D) well-shaped but with some grazed
parts inflorescence. Adapted from Stocklin & Lenzin 2013.

Selfed flowers produce fewer fruits than flowers open to polli-
nation, as reported for other Echium species (Bramwell 1972;
Sedlacek 2009); this might be due to the existence of self-
incompatibility systems or inbreeding depression, as suggested
by Bramwell (1972), and/or due to protandry. Male flowers
open before female ones, as in E. wildpretti (Olesen 1988),
although both phases coexist during day 2 of anthesis, and this
is why autogamy is possible. Xenogamy produced as many
fruits as the open pollination treatment, which suggests that
pollen is not limiting even though we cannot discard an out-
breeding phenomenon or some imperceptible damage to flow-
ers during hand-pollination. On the other hand, the fact that
seed set was similar among treatments indicates that seed for-
mation is controlled by resource-based constraints rather than
by pollen limitation (Yang et al. 2005).

The nectar concentration and volume vary among flower
phases, population and time of day in Echium species (Olesen
1988; Kraemer & Schmitt 1997; Dupont et al. 2004; Mittelbach
et al. 2015). In general, male flower phases produce more nec-
tar than female flowers, and during the third day no nectar is
produced (Olesen 1988; Kraemer & Schmitt 1997). Mittelbach
et al. (2015) found higher nectar volumes and lower sugar con-
centration in E. simplex than found in our study. Differences in
nectar composition are usual among populations (Mittelbach
et al. 2015), whereas differences in nectar standing crop varies
depending on the nectar consumed by flower visitors (Kraemer
& Schmitt 1997); on the other hand, sugar concentration
depends heavily on ambient relative humidity and the rate of
photosynthesis (Corbet & Delfosse 1984).

Table 3. Types of herbivory damage by feral goats recorded in 2015 and 2016 in E. simplex.

2016

year
damage type 2015

No flowers 31(13.25%)
Short inflorescence 58 (24.79%)
Ball-shape 130 (55.55%)

Some grazed parts (mean + SE, range)

15 (6.41%) (44.67 = 7.21%, 10-100%)

247 (29.94%)
5(0.61%)
569 (68.94%)
4 (0.48%) (85 + 9.57%, 60-100%)
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Flower visitors

The extremely high diversity of flower visitors found in this
study contrasts with that found in other Echium species (but
see Bramwell 1972). For E. wildpretti, Valido et al. (2002, 2004)
reported three bird species (Cyanistes caeruleus, Serinus canar-
ius and Phylloscopus canariensis), one lizard (Gallotia galloti)
and 16 species of bee, butterfly and fly visiting its flowers. The
previous observations for E. simplex reported only a few insects
(Dupont & Skov 2004; Stocklin & Lenzin 2013), all of which
have been recorded in our study, and three bird species (Seri-
nus canarius, Phylloscopus canariensis and Cyanistes caeruleus;
Valido & Olesen 2010; Mittelbach et al. 2015). P. canariensis is
the most common visitor in ornitophilous plant species in the
Canary Islands (Valido ef al. 2004) and is widely distributed in
Tenerife, especially in Anaga (Carrascal & Palomino 2005).

Insects outnumbered birds as flower visitors of E. simplex.
Hymenopterans, in particular, were up to 31 times more fre-
quent than birds. However, at least for certain species in both
years, flower visitation rate was higher for birds than for dipter-
ans species. Bird visitation rate in E. simplex was lower than that
found by Ollerton et al. (2009) for Canarina canariensis, but
higher than that recorded by Rodriguez-Rodriguez & Valido
(2011) in the same species and in others such as Isoplexis
canariensis, Lotus berthelotii (Rodriguez-Rodriguez & Valido
2008; Ollerton et al. 2009), and even in the same E. simplex
(Mittelbach et al. 2015).

Relative contribution of different floral visitors to plant
reproductive success

Contrary to our expectations, we found no evidence for an
increase in reproductive success of the flower visits by verte-
brates, as reported in other studies (Ratto et al. 2018 and refer-
ences therein), which also include species of the bird—flower
Canarian element (Rodriguez-Rodriguez & Valido 2008, 2011;
Fernandez de Castro etal. 2017). Hence, vertebrates play a
minor role in the reproduction of E. simplex.

Flying insects, especially bees, were the most frequent polli-
nators and the most effective, i.e. those contributing most to
the reproductive success of E. simplex. In contrast, insect flower
dwellers, mainly ants and small beetles, did not increase fruit
set and indeed reduced seed set relative to selfed flowers, sug-
gesting that they consume pollen and by doing so reduce final
reproductive success (Kevan & Baker 1983). Pollination by bee-
tles and ants has mainly been documented in tropical plant
families, and in pollinator-depauperated and environmentally
stressful areas (Bawa 1990; Gomez et al. 1996).

The annual differences in seed set are attributed to lower
insect visitation rates — mainly of bees and flies —in 2016, prob-
ably due to a lower insect abundance or a higher flower avail-
ability. Fluctuations in insect populations are usual and often
associated with inter-annual variation in climate conditions, as
these can have a substantial effect on insect survival or over-
wintering (Chown & Terblanche 2007 and references therein).

Seeds of E. simplex from selfed flowers were heavier than
those resulting from cross-pollination. The reason is that the
former have a thicker coat, while embryo size is similar
between the two treatments. Such difference is consistent with
that found in another study of E. vulgare (Melser et al. 1997)
and also with studies of other species (Kudo & Maeda 1998;

Breeding system and pollination effectiveness in Echium simplex

Hudewenz et al. 2014). However, it contrasts with many other
studies that either found the opposite (Galen etal. 1985;
Navarro & Guitidn 2002) or no differences in seed weight
between selfed and crossed flowers (Eckert & Barrett 1994;
Abdelgadir et al. 2009). Regarding germination, crossed and
lighter seeds of E. simplex germinated more and faster than
selfed seeds; moreover, within the control seeds, heavier seeds
performed better than lighter ones, in agreement with findings
from other studies (Schemske 1983; Navarro & Guitidn 2002).
The thicker coat of the seeds from selfed flowers is probably
the reason for slower germination (Crocker 1906; Miyoshi &
Mii 1988). This has indeed been reported in at least one spe-
cies, Sinapis arvensis (Paolini et al. 2001).

Impact of feral goats on plant performance

Introduced mammals are major drivers of extinctions (Elton
1958; Gurevitch & Padilla 2004 and references therein).
Those mammal species acting as herbivores are known to
have strong deleterious effects on plant growth, reproduc-
tion and even survival (Crawley 1989; Marquis 1992). Feral
goats (Capra hircus), in particular, can have a devastating
impact in island ecosystems (Donlan et al. 2002; Gurevitch
& Padilla 2004). The intense damage that goats produced
on E. simplex, particularly in the second year of the study,
not only caused delayed flowering but also reduced the
recruitment probabilities for this endemic species. A high
incidence of herbivory by feral cattle have been reported for
other plant species in some plant communities, where up to
96% of plants were consumed. Reproduction may be totally
impeded in many individuals, and initial herbivore damage
might also weaken individuals and increase their susceptibil-
ity to other stress agents (Chynoweth et al. 2013 and refer-
ences therein).

Damage by herbivores can modify flower characteristics and
decrease overall plant attractiveness to pollinators (McCall &
Irwin 2006), greatly reducing the opportunity for pollinators to
select between plants (Strauss & Zangerl 2002). In general,
plants have evolved a wide variety of rapid, inducible responses
to herbivory that allow their survival (Strauss & Agrawal 1999).
However, oceanic island ecosystems have usually evolved under
very low pressure from herbivory (e.g. Van Vuren & Bowen
1999). Hence, endemic plants such as E. simplex are not
expected to have evolved any compensatory mechanism to effi-
ciently limit mammalian herbivores. Further studies are needed
to quantify how the extent of herbivory upon E. simplex is
altering its population dynamics in the long term, but we fore-
see that feral goats may intensely alter this isolated, fragile and
exclusive island habitat, in which E. simplex is one of the domi-
nant species in the community. We argue that only with effec-
tive control campaigns that minimise the effects of this
invasive herbivore can this endemic species be maintained in
the most natural state possible.

Concluding remarks

Despite the abundant bibliography on endemic Canarian flora
visited by vertebrates, very few studies have yet examined their
role as legitimate pollinators. Our study contributes to fill this
gap in information. We have focused on a narrow endemic,
E. simplex, finding that despite its floral resources might be
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important to some bird and lizard species, these do not appear
to notably contribute to increase plant fitness, which is effec-
tively pollinated by a wide assemblage of flying insects. We
additionally found that feral goats represent a serious threat to
the survival of this endemic species, as they damage a large
fraction of the reproductive structures. We thus argue that
these alien animals should be controlled in this highly valuable
Biosphere Reserve.
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Appendix S1. Flower visitors of Echium simplex found dur-
ing 2015 and 2016.

Appendix S2. Effect of pollination treatment on germination
patterns depending on the seed weight.

Figure S1. GLMM predicted probabilities of germination
(A and B) and days to germination (C and D), in seed
weight for each exclusion treatment in 2015 (A and C) and
2016 (B and D). Sample sizes from germinability studies
were: Total Exclusion 2015 and 2016, N =198 and N =331
seeds, respectively; Birds Exclusion, N =200 seeds; Lizards
Exclusion, N =175 seeds; Vertebrates Exclusion, N = 155
seeds; Flower Dwellers 2015 and 2016, N =181 and 385
seeds, respectively; and Control 2015 and 2016, N =264 and
N = 310 seeds, respectively. Sample sizes for germinated seeds
were Total Exclusion 2015 and 2016, N =140 and N = 268
seeds, respectively; Birds Exclusion, N =166 seeds; Lizards
Exclusion, N = 148 seeds; Vertebrates Exclusion, N =129
seeds; Flower Dwellers 2015 and 2016, N =140 and 268
seeds, respectively; and Control 2015 and 2016, N =235 and
N = 223 seeds, respectively.
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