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Abstract

An increasing number of double mutualisms (i.e. two interacting species
benefiting each other in two different functions, e.g. pollination and seed dispersal)
have been reported, mainly from island ecosystems, although we still lack much
information on how effective such species are in both processes. Here, we assessed
the pollination effectiveness of a double mutualism between an ancient
Mediterranean gymnosperm, Ephedra fragilis Desf., and a lizard, Podarcis lilfordi L. On
the one hand, we assessed the lizard contribution to different fitness measures (seed
set and germination success), relative to that of insects and the wind effect; on the
other, we determined the lizards’ seed removal rate (i.e. the quantity component of
seed dispersal effectiveness). In both processes, we further tested for differences in
their contributions among male, female and juvenile lizards. Ephedra fragilis showed
to be mostly anemophilous, lizards and insects playing only a minor role on seed set.
However, lizards qualitatively contributed to pollination success, as seeds coming from
lizard-pollinated cones germinated at higher rates than those pollinated by wind or
insects, although this was detected only for small seeds (<8mg). The plant produced a
low seed set (c. 23%), which was compensated by a high seed germinability (c. 70%).
Adult male lizards were those most implicated in pollination, quantitatively more
important than insects, and in seed dispersal. This work, thus, reports the importance
of a lizard species in one of the few double mutualisms found in the world involving a
gymnosperm, and it represents the first documentation of a double mutualism in the
Mediterranean region. Our findings further contribute to highlight the role of both

inter- and intra-specific differences in the effectiveness of mutualistic interactions.
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Introduction

Most plants that depend on animal-pollination and seed dispersal are often
served by different taxa for each of these ecological functions (Herrera and Pellmyr
2002). Those cases in which the same plant species offers both floral and fruit/seed
resources to the same animal species, potentially acting as pollinators and seed
dispersers, have been much less documented (e.g. Soriano and Ruiz 2002; Kelly et al.
2004; Hansen and Miiller 2009 a; Garcia et al. 2012). Such phenomenon is known as
“double mutualism” (Hansen and Miller 2009 a) and it appears to be especially
frequent on island ecosystems, although a number of reports are also from mainland
areas (Fuster et al. under review). One likely reason for the major prevalence of double
mutualism on islands is the presence of species that compensate their densities, i.e.
have high population abundances due to the relatively lower species richness, and thus
lower interspecific competition compared to mainland systems (Mac Arthur et al.
1972). The density compensation results into high intraspecific competition which in
turn leads to a trophic niche expansion of the species, i.e. explores and uses new kinds
of food items (Olesen and Valido 2003; Traveset et al. 2015). Examples of trophic niche
expansion have been observed in lizards, geckos, or even iguanas, which are most
often carnivores or insectivores in the mainland, but consume floral and fruit resources
in many islands, acting as potential pollinators and seed dispersers of a wide variety of
plant species (Olesen and Valido 2003). Reptiles have indeed been found as important
potential double mutualists worldwide, mainly in island ecosystems (Fuster et al.

under review).
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Vertebrates are the taxa most involved in double mutualism, although much
remains to be investigated regarding how effective they are both as pollinators and
seed dispersers of the same plant species (Fuster et al. under review). Studies in which
both pollination and seed dispersal in the same species are simultaneously analyzed
are indeed rather scarce (Soriano and Ruiz 2002; Kelly et al. 2004; Nyhagen et al. 2005;
Hansen and Miiller 2009 a; Garcia et al. 2012; Gomes et al. 2014). Moreover, despite
the increasing number of studies reporting vertebrates as opportunistic nectar
consumers (Traveset and Sdez 1997; Banack 1998; Olesen and Valido 2003; Ortega-
Olivencia et al. 2005; Sazima et al. 2005; Le Péchon et al. 2013; da Silva et al. 2014;
Traveset et al. 2015; Zoeller et al. 2016), still few evaluate the quantitative and
qualitative component of pollination effectiveness (but see Rodriguez-Rodriguez and
Valido 2008; Hansen and Miiller 2009 a; Ortega-Olivencia et al. 2012; Rodriguez-
Rodriguez et al. 2013; Ratto et al. 2018; Hervias-Parejo and Traveset 2018). Such
information is relevant, especially if we want to foresee the consequences of potential

mutualistic disruptions due to the different drivers of global change (Kiers et al. 2010).

Islands, in particular, are ecosystems highly sensitive to invasive species and
species extinction (Sax and Gaines 2008), and the disruption of double mutualisms in
these ecosystems might have negative consequences both at the species and
community level (Traveset and Richardson 2014). If an animal double mutualist is
locally extinct, or even if its abundance declines dramatically, both its pollination and
seed dispersal functions will be lost simultaneously. Depending on the interaction
strength between the partners, a mutualistic disruption can notably jeopardize plant

success (Hansen and Miller 2009 b; Bissessur et al. 2017). A recent study has shown
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that double mutualisms can belong to the core of the pollination-seed dispersal
network (Olesen et al. 2018), which implies that they play an important role in
community structure and function. Their disruption, thus, might increase the fragility
of the network and cascade into further extinctions, especially in communities with

depauperate faunas (Kaiser-Bunbury et al. 2010).

In this study, we analyze the potential double mutualistic interaction between a
species of lizard, Podarcis lilfordi L., and the ancient shrub Ephedra fragilis Desf. This
plant species belongs to the gymnosperms, thus producing neither flowers nor fruits.
Instead, ovules are located within cones which, in some cases, develop into fleshy
fruitlike structures. Most gymnosperm species produce a solution on the cone that
allows capture pollen from the air, and are thus wind-pollinated (Niklas 1982, 1985;
Labandeira et al. 2007; Nepi et al. 2017; Walas et al. 2018). Although most Ephedra
species are wind-pollinated (Niklas and Buchmann 1987 and references therein;
Pellmyr 2002; Bolinder et al. 2016), some of them (E. fragilis E. foeminea Forssk. and E.
aphylla Forssk.), are also pollinated by animals (Bolinder et al. 2015 a, b; Celedén-
Neghme et al. 2016). Thus, besides capturing pollen from the air and aiding in pollen
germination, these pollination drops can be attractive to animals, since they are rich in
sucrose and contain amino acids and proteins (von Aderkas et al. 2015; Nepi et al.
2017). These secretions are produced by the nucellar cells in pistillate cones, i.e.
female plants (Takaso and Owens 1995). However, in the case of E. fragilis, as also
observed in E. foeminea, both functional ovules in pistillate cones and non-functional
ovules in staminate cones produce pollination drops, thus attracting animals to both

male and female plants (Celeddon-Neghme et al. 2016). Although, both insects and
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lizards have been reported to visit the cones of E. fragilis, their contribution to
pollination success is unknown. Moreover, lizards also ingest and efficiently disperse
the seeds of E. fragilis when feeding on its fleshy cone scales (Rodriguez-Pérez et al.
2012; Neghme et al. 2017). Hence, the lizard-plant mutualistic relationship constitutes
a potential double mutualism. Our main aim here was to assess quantitative and
qualitative components of the effectiveness (sensu Schupp et al. 2017) of such double
mutualistic interaction. For that, we evaluate the importance of lizards for plant
pollination success, in terms of visitation rate, seed production and seed germinability,
and compared it to that of insects and wind pollination. Moreover, based on our
preliminary observations, we wanted to determine whether there are differences,
both in pollinating plant visitation and seed consumption, between lizards of different
sexes and ages, as these are known to have different behavior which might influence
both the pollination and seed dispersal processes (Rodriguez-Rodriguez et al. 2013;

Pérez-Méndez et al. 2018).

Methods

Study site and species

This work was conducted at Sa Dragonera Natural Park (39° 35" N, 2° 19’ E), a
288-ha islet located at c. 800 m of the western coast of Mallorca Island, Balearic
Islands, in the Western Mediterranean Sea. The islet has an annual precipitation of 350
mm and average annual temperatures ranging from 17 — 18°C (Spanish Agency of

Meteorology, www.aemet.es). The study site was located at the northeastern tip of
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the islet, a rocky coastal area with a vegetation dominated by shrubs of E. fragilis and
Pistacia lentiscus L., mixed with Olea europaea L., Phillyrea angustifolia L. and Cneorum

tricoccon L.

Ephedra fragilis (Ephedraceae) is a dioecious evergreen shrub, up to 4 m in
height, distributed in the Western Mediterranean basin (Markgraf 1964). Besides the
Balearic Islands, it is present in the southern Iberian Peninsula, in some points of
northern Africa, and also in some of the Canary Islands (specifically, in La Palma and
Tenerife). It prefers calcareous or gypsum arid places, salty sandy areas and
sclerofilous scrublands, from 0 to 1100 m in elevation (do Amaral-Franco 1986). The
plant does not produce cones every year, and it shows years of mast cone production.
Both male and female individuals develop cones that secrete a pollination drop, a
sugar-rich solution produced to capture pollen from the air, but which is also
consumed by both lizards and insects (Celedén-Neghme et al. 2016). Female cones
become fleshy after the pollination period, producing red or yellow fruitlike structures,
each bearing only one seed. Ephedra fragilis has been reported to be dispersed by
birds in the mainland (Herrera 1987), as well as on the island of Mallorca (mostly by
Sylvia melanocephala; Traveset and Gonzalez-Varo, pers. obs), where lizards are no
longer present since they became extinct after the introduction of predators (Pérez-
Mellado 2002). In Dragonera Island, however, only lizards have been observed so far

feeding on the female cones of this plant (pers. obs.).

Podarcis lilfordi (Lacertidae) is an endemic lizard to the Gymnesic Islands
(eastern Balearic Islands), i.e. Mallorca, Menorca and surrounding islets. It currently

survives only in the islets, given that it disappeared from the largest Mallorca and
8
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Menorca after the introduction of carnivorous mammals (Pérez-Mellado 2002). It
frequently feeds on floral resources and fruits (Pérez-Mellado and Traveset 1999),
acting as a legitimate pollinator (e.g. Traveset and Sdez 1997, Celedén-Neghme et al.
2016) and seed disperser of different species (e.g. Rodriguez-Pérez and Traveset 2010,
Rodriguez-Pérez et al. 2012, Celedén-Neghme et al. 2013, Neghme et al. 2017). Adults
lizards are distinguishable from juveniles by their larger body size, as well as adult
males are also distinguishable from adult females by their larger and more robust body

and head (Salvador 2009).

Plant observations of potential pollinators and seed consumers

Both in 2015 and 2016, we observed visitors to the cones of E. fragilis during its
pollination period, from early May to early June. All observations were made from 8:00
am to 18:30 pm on a total of 23 different female plants (13 and 10 individuals in 2015
and 2016, respectively) and 22 male plants (11 individuals every year), accumulating a
total of = 35 h and 51 h in 2015 and 2016, respectively. In every census (15-20 min
long), we counted the number of lizards —distinguishing between juveniles, females
and males— and insects visiting the plant and touching the cones, the time that each
individual spent on them, as well as the number of cones available on the plant.
Insects were captured for further identification with a reference pollinator collection
available at the Mediterranean Institute of Advanced Studies (IMEDEA CSIC-UIB). We
further wanted to estimate the quantity of pollen transported by lizards. For this
purpose, we obtained 18 pollen samples —11 from male lizards and 7 from females—
from lizards we captured using a noose. A small cube of glycerine jelly tinged with

fuchsine was swabbed on their snout and around the head; the jelly cube was then
9
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placed on a slide, melt with heat, and finally sealed with transparent nail polish. The
slides were taken to the lab and analyzed with a Leica light microscope at 10x and 40x

magnification.

During July 2016, we also observed seed consumers on 12 female individuals,
within the same day-time period and for a total of = 28 h. In each census, we recorded
the number of fleshy female cones removed by juveniles, females and males visiting
each plant, counting the number of fleshy female cones in each plant before the

census.

Pollinator exclusion experiment

Between the end of April and end of July 2016, we conducted an exclusion
experiment to quantify the contribution of lizards, insects and wind on plant
pollination success. On each of 15 female individuals, we set up three treatments: (1)
insect pollination: branches were surrounded with a plastic cone that impeded lizard
access but allowed insects to visit the cones (and thus allowed also wind pollination
although only through the upper part; see Fig. 1); (2) wind pollination: branches were
bagged with a bridal veil bag (mesh size: 1 mm) that allowed pollen to pass through
but excluded both insects and lizards; and (3) control: branches were simply tagged but
left open to pollination, being the only treatment with lizard contribution. Once cones
were no longer receptive (when they begin to ripen), we bagged control and insect
pollination branches with cloth bags to avoid seed removal or drop before seed set
could be recorded. At the end of July, we collected the mature female cones from

every treatment to obtain seed set. Seed set was thus considered as the total number

10
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of seeds produced, discarding aborted cones that did not develop into seeds, relative
to the number of initial female cones. Aborted cones remain very tiny and
greenish/yellowish and are thus quite distinguishable. We removed the seeds in the
laboratory and weighted them (20 per branch) with an electronic balance (0.1 mg
precision). For the seed germination experiments, we individually weighted and sowed
200 randomly selected seeds per treatment, planting thus a total of 600 seeds. All
seeds were sown in late September in germination trays, filled with universal substrate
and watered every 2-3 days. Apex emergence (germination hereafter) was recorded

every 2-3 days until the germination stopped.

Data analysis

Data on lizard and insect visitation to plants (for either pollination or seed
dispersal) were analyzed by means of generalized linear mixed models (GLMM), using
a gamma error distribution with a logarithmic link function. In the case of pollination,
pollinator group (insects, male, female and juvenile lizards), year (2015 and 2016),
plant sex (male or female) and the interaction between these three variables, were
included as fixed effects. In order to control for floral display, which might influence
pollinator attraction, we included the total number of cones per plant as offset; census
ID was nested within individual plant and included as random effect in the model. In
the case of dispersal (i.e. fleshy female cone consumption rates), we used lizard group
(male, female and juvenile lizards) as fixed effect, number of fleshy female cones per
plant as offset, and again census ID nested within individual plant as random effect.

Year was not included in this case, as censuses were done only in 2016. The number of

11
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pollen grains transported on male and females were additionally compared by means

of an ANOVA after a data normalization using the square root of pollen grains counted.

Seed set and seed weight were analyzed fitting GLMMs with binomial and
Gaussian errors distributions, respectively. In both cases, we included treatment and
plant size (height and width) in the models as fixed effects. Seed germination was also
analyzed fitting GLMMs with binomial errors distribution, including treatment, seed
weight and their interaction, and plant height and width, as fixed effects. In the three

sets of models, plant ID was included as random effect.

All models used were ran with the “glmer” function from “Imed4” package
(Bates et al. 2015) in R (version 3.3.3.; R Development Core Team 2017). We then used
the Akaike information criterion corrected for small sample sizes (AlCc; Zuur et al.
2009) to select the best models (those with lowest AlICc values). This model selection
was made using the “dredge” function in the “MuMIn” package (Barton 2016). Models

with AAICc < 2 were considered to be equivalent.

Results

All models selected based on AlCc and considered equivalents (AAICc < 2) are
summarized in Table 1. We found significant differences among pollinator groups in
visitation rates, and such differences varied between years (Table 1). Overall, adult
lizards, both male and female, visited cones more frequently than insects, especially in
2016 (Fig. 2). They also spent much more time on the plants (males: 10.59 + 0.52 min.

h'; females: 8.6 + 0.5 min. h™'; juveniles: 9.3 + 1.4 min. h™) than insects (3.1 + 0.4 min.
12
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h™), possibly visiting more cones. Lizards transported pollen both on their heads and
bodies. We found that each individual carried an important quantity of pollen grains,
which did not differ between sexes (males: 438 + 140, N = 11; females: 421 + 182, N =
7; ANOVA: F =0.008, df =1, P = 0.93). The insect species found on the E. fragilis cones
included mostly flies (c. 10 sp.) but also some bees (2 sp.), ants (1 sp.), beetles (1 sp.),
true bugs (1 sp.), and moths (1 sp.). All these insects are vouchered at the IMEDEA
pollinator collection. Insects and lizards behavior was different during the visits. Insects
usually go straight to target cones after flying around the plant, touching only a small
number of cones in each single visit. By contrast, lizards climb the plant and walk on
the branches contacting many cones with their heads and body when trying to reach

the nectar.

Seed set resulting from the anemogamy treatment did not differ significantly
from the control one (Fig. 3). In fact, seed set of the insect treatment (which also
allowed some wind pollination, but much less than the anemogamy treatment) was
only c. 10% (Fig. 3). Hence, despite the high frequency of cone visits by lizards and the
high diversity of insects, the fraction of cones that set seed is not raised significantly
with animal pollination. Seed weight was similar among treatments (anemogamy: 9.85
+ 0.13 mg; insect pollination: 9.71 + 0.16; and control: 9.62 + 0.13 mg; x*= 5.05, df = 2,
P =0.08). Nevertheless, there was a significant interaction effect between seed weight
and treatment on germination (x* = 12.65, df = 2, P = 0.002; Table 1). The germination
probability predicted by the model (Fig. 4) showed a general increase when seeds were
heavier; conversely, germination probability of the lighter seeds (<8 mg) was
significantly higher in the control than in the anemogamy or insect pollination

13

610z Aeniged 60 uo 1senb Aq 80288zS/100zId/eidqoe/c601 01 /10pAoBASqe-0)dIB-80uBAPE/E|dqoR/W02 dNoolwspeoe//:sd)y Wol) papEojuMoQ



treatments, suggesting that lizards might contribute to increase germination of the

light seeds.

Regarding consumption rates of fleshy female cones, we detected significant
differences among lizard males, females and juveniles (x* = 18.30, df = 2, P < 0.001).
Males were the most frequent consumers (0.33 + 0.07 fleshy cones consumed h™),

followed by females (0.22 £ 0.05) and juveniles (0.11 + 0.05) (Fig. 5).

Discussion

Our study provides evidence that this plant-lizard relationship constitutes one
of the five pollination/seed dispersal double mutualisms found around the World
between an animal and a gymnosperm (Fuster et al. 2018), besides representing the
first double mutualism reported in the Mediterranean region. Although E. fragilis
shows to be mainly pollinated by wind, we found that lizards, while obtaining energy
resources from this gymnosperm, they are relevant for its reproduction as they (1)
transport large amounts of pollen from male to female cones when feeding on
pollination drops, (2) increase the germination of light seeds, and (3) act as their main
seed dispersers, at least on Dragonera Island (Rodriguez-Pérez et al. 2012; Neghme et
al. 2017; this study). Our results do show a minor contribution of lizards to pollination
success. This does not imply, however, that they are irrelevant in the pollination
process, as germination of small seeds coming from cones visited by lizards did
increase. Hence, although the mutualistic benefit provided by lizards is not the primary
determinant of pollination success, our results nevertheless provide clear evidence

14
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that a quantifiable double mutualism does exist. Moreover, lizards are fed by the plant
with pollination droplets, maintaining its only seed disperser. Thus, perhaps the
distinction between single and double mutualism should not be considered strictly
binary: a double mutualism can be essential for the survival of one partner but merely

beneficial to the other.

Anemogamy is the main pollination system within gymnosperms, although
entomophily has been documented in some species (Bolinder et al. 2015 a, b;
Labandeira et al. 2017; Hall and Walter 2018). Mixed pollination systems, i.e. wind and
insect pollination, are also present in some gymnosperms (e.g. Kono and Tobe 2007;
Gong et al. 2016; Hall and Walter 2018; Walas et al. 2018). Within the Ephedra genus,
only E. foeminea has been reported as insect pollinated (Bolinder et al. 2015 a, b),
while E. aphylla is known to have a mixed pollination system (Meeuse et al. 1990). Our
study with E. fragilis confirms the previous finding by Celedédn-Neghme et al. (2016)
that this species also has a mixed pollination system, going even further and showing
that lizards play a more important role than insects in the pollination process. Evolving
a mixed pollination system might be a response to the unpredictability of a single
pollination vector, e.g. low pollinator density, or low wind (Rios et al. 2014 and

references therein; da Costa et al. 2018).

Our results showed that lizards play a more important role than insects in the
guantity component of pollination effectiveness. These findings are consistent with
those from other systems in which lizards and insects act as pollinators (e.g. Hansen et
al. 2007; Gomes et al. 2014). One plausible explanation is that lizards contact many

more cones (and flowers in other species) with their bodies while foraging for
15
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pollination drops (nectar in other species) than insects which usually go straight to the
target cone. Lizards, in fact, stayed on E. fragilis plant about three time more than
insects, similar to what has been found in other species like Euphorbia dendroides
(Traveset and Sdez 1997). Thus, lizards’ behavior and their longer time on the plant
may well lead to higher pollen removal and higher pollen deposition in male and

female plants, respectively.

The low seed set (c. 25%) of E. fragilis is at least partly compensated by the high
seed germination (c. 70%) which might contribute to maintain the population.
Although mature seeds might not necessarily be fertile (i.e. with a full embryo inside),
the different treatments, which only modify the pollinator agent, were performed in
the same plant individuals; thus, the differences observed are attributed to the
pollinator agent. The significantly lower seed set found in the insect pollination
treatment (which includes also wind pollination) compared to the anemogamy
treatment (only wind pollination) suggests that insects may be having an effect that is
more negative than beneficial for pollination success. It is likely that by feeding upon
the pollination drops they actually reduce the probability of pollen germination or
simply that they are not depositing as much pollen grains as wind does. Although we
did not observe any insect exit hole on the seeds, oviposition of eggs by parasitoids
have been found in other Mediterranean Ephedra species (Askew and Blasco-Zumeta
1997). Alternatively, the plastic cone used to exclude lizards in the insect pollination
treatment might have partly affected the seed set results (by reducing the additional
effect of wind-dispersed pollen in such treatment). In contrast to our results, Celeddn-
Neghme et al. (2016) reported cone visits by animals (pooling lizards and insects) to E.

16
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fragilis to slightly increase seed set, what suggests that the importance of animals for
seed production may vary across years, probably depending on the effects of factors

like wind intensity, insect abundance and food availability for lizards.

Interestingly, lizards showed to influence seed germination but only for small
seeds, i.e. when seeds were light (<8 mg). By contrast, large seeds resulting from all
treatments germinated similarly. Small seeds would actually be expected in the
habitats where E. fragilis is usually found, poor-resource sites, generally with low
water availability. The better germinability of light seeds resulting from lizard
pollination might indeed be relevant to assure the viability of the plant population.
This higher germinability might respond to a better genetic load (Gonzdlez-Varo and
Traveset 2010), which might be related to the distance to the pollen origin, although

further research on this matter would be needed to test such hypothesis.

Interestingly, not all lizard individuals showed to play a similar role in the
double mutualistic relationship. Adults were more frequent cone visitors and seed
consumers than juveniles. These differences might respond to different energetic
requirements, since older individuals of omnivorous lizards use to feed on more plant
material than juveniles (e.g. Durtsche 2000; Fialho et al. 2000). Juveniles may need
higher energy resources to grow and avoid to be predated, and thus insects constitute
a more profitable food. By contrast, adults, with lower energy requirements, can
include nectar or fruit in their diet, easier accessible food, which allows saving energy
required to hunt insects. Although gymnosperms do not provide nectar, the pollination
drops contain sugars (generally in low concentrations), amino acids and proteins which

can be profitable for lizards (Nepi et al. 2009, 2017). In the case of E. fragilis, however,
17

610z Aeniged 60 uo 1senb Aq 80288zS/100zId/eidqoe/c601 01 /10pAoBASqe-0)dIB-80uBAPE/E|dqoR/W02 dNoolwspeoe//:sd)y Wol) papEojuMoQ



pollination drops present high sugar concentrations (Celedéon-Neghme et al. 2016),
similarly to E. distachya (Ziegler 1959). Whether such higher sugar concentrations are
due to abiotic factors or are the result of a process of selection by either insects, lizards
or both is unknown. Intraspecific differences in either the quantitative or qualitative
component of pollination have been reported in other plant-lizard systems (e.g.
Nyhagen et al. 2001; Rodriguez-Rodriguez et al. 2013; Gomes et al. 2014). During the
seed dispersal phase, differences were also found in fleshy female cone removal rates,
similarly observed in another shrub, Cneorum tricoccon, which coexists with E. fragilis
on Dragonera island. In this last system, male adult lizards often displace females and
juveniles from fruiting plants (F. Fuster, pers. obs.). Adult lizards, mostly males, are
thus the most important seed consumers, and given that they can disperse larger
seeds than juveniles, they probably contribute to a higher seed germinability in the E.
fragilis population. Such intraspecific differences in seed removal have been reported
in various systems (e.g. the endemic Canarian Neochamaelea pulverulenta (Vent.)
Erdtman (Pérez-Méndez et al. 2018)) and should be considered when elucidating the
“forbidden links” in plant-frugivore interations (see Gonzdalez-Varo and Traveset 2016).
A low value of seed removal rate by juveniles might be simply due to their incapacity
of ingesting large fleshy cones. Intraspecific resource segregation can actually be
considered a way to avoid the high intraspecific competition usually found in island
ecosystems, because of the high animal densities of the same species and few
available resources. Such resource segregation has already been observed in different
animal groups (e.g. Leung et al. 2012; Miranda et al. 2012; Wan et al. 2013; Mata et al.

2016), including lizards (Kaliontzopoulou et al. 2012), and might be more common
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than previously thought. It is thus important to assess the intraspecific differences of
mutualist partners, as such information can be useful to better understand the
functioning of the ecological process in question (Gonzalez-Varo and Traveset 2016;

Zwolak 2018).

Both partners of the double mutualistic interaction described here show an
important dependence on each other: the plant seems to be a principal food source
for the lizard, both during the pollination and the seed dispersal season; E. fragilis is
actually one of the few species fruiting during July. In turn, lizards contribute to the
pollination success of the plant, although more qualitative than quantitatively by
favoring the germination capacity of the light seeds produced, and the plant depends
mostly on lizards for seed dispersal (as previously mentioned, we never saw a bird or
other animal groups removing fleshy cones in Dragonera). In this island, P. lilfordi has
further been found to contribute with higher recruitment and seedling survival

compared to non-dispersed seeds (Neghme et al. 2017).

In short, although P. lilfordi does not contribute substantially to the pollination
of E. fragilis, it does play a crucial role in the dispersal process. In turn, by means of the
pollination drops and the fleshy cone scales, the plants feed its only seed disperser in
this islet. From the plant’s perspective, thus, the tight plant-lizard interaction
represents a risk, as any decline in the lizard population density would affect the
functioning of the double mutualism, probably with detrimental consequences for
plant reproductive success and survival in the long-term (Traveset and Riera 2005;
Traveset et al. 2012). Breakages in double mutualisms are already being reported (e.g.

Hansen and Miiller 2009 b; Bissessur et al. 2017). Given the fragility of insular
19
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ecosystems like Dragonera (Traveset et al. 2013; Traveset and Richardson 2014;
Bellard et al. 2017), the understanding of the functioning of their communities,
including the presence of complex interactions such as double mutualisms, becomes a

much necessary task.

Supporting Information

All data used in this work are included as “Supporting Information”.

Acknowledgements

We are very grateful to the staff of Sa Dragonera Natural Park for logistic help. Consell
de Mallorca provided the permit to work on Sa Dragonera Natural Park, whereas the
Servei de Proteccié d’Espécies (Balearic Government) allowed us to work with the
protected lizard Podarcis lilfordi. We also thank J.P. Gonzédlez-Varo for provide useful
comments on manuscript draft and M.A. Gonzalez for insect identifications. This work
is framed within projects CGL2013-44386-P and CGL2017-88122P, and FF was funded

by a PhD fellowship (BES-2014-068207), all financed by the Spanish Government.

References

Askew RR, Blasco-Zumeta J. 1997. Parasitic Hymenoptera inhabiting seeds of Ephedra

nebrodensis in Spain, with descriptions of phytophagous pteromalid and four other

20

6102 Areniga4 60 uo 1senb Aq 80z882S/10021d/e1dqoe/ee01 "0 /Iop/1oRISqe-8]0Ie-a0uBApE/E|dqoR /W02 dNo dIWapee//:sdly Wol) PapEojUMO(]



new species of Chalcidoidea. Journal of Natural History 31: 965-982 doi:

10.1080/00222939700770471

Banack SA. 1998. Diet selection and resource use by flying foxes (genus Pteropus).

Ecology 79(6): 1949-1967 doi: 10.1890/0012-9658(1998)079[1949:DSARUB]2.0.C0O;2

Barton K. 2016. MuMin: Multi-Model Inference. R package version 1.15.6.

https://CRAN.R-project.org/package=MuMIn

Bates D, Maechler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects models

using Ime4. Journal of Statistical Software 67(1): 1-48 doi: 10.18637/jss.v067.i01

Bellard C, Rysman JF, Leroy B, Claud C, Mace GM. 2017. A global picture of biological
invasion threat on islands. Nature Ecology & Evolution 1: 1862-1869 doi:

10.1038/s41559-017-0365-6

Bissessur P, Baider C, Florens FBV. 2017. Rapid population decline of an endemic
oceanic island plant despite resilience to extensive habitat destruction and occurrence
within protected areas. Plant Ecology & Diversity 10(4): 293-302 doi:

10.1080/17550874.2017.1402382

Bolinder K, Ivarsson LN, Humphreys AM, Ickert-Bond SM, Han F, Hoorn C, Rydin C.
2015a. Pollen morphology of Ephedra (Gnetales) and its evolutionary implications.

Grana 55: 24-51 doi: 10.1080/00173134.2015.1066424

Bolinder K, Niklas KJ, Rydin C. 2015b. Aerodynamics and pollen ultrastructure in

Ephedra. American Journal of Botany 102: 457-470 doi: 10.3732/ajb.1400517

21

610z Aeniged 60 uo 1senb Aq 80288zS/100zId/eidqoe/c601 01 /10pAoBASqe-0)dIB-80uBAPE/E|dqoR/W02 dNoolwspeoe//:sd)y Wol) papEojuMoQ


https://doi.org/10.1890/0012-9658(1998)079%5b1949:DSARUB%5d2.0.CO;2
https://cran.r-project.org/package=MuMIn
http://dx.doi.org/10.18637/jss.v067.i01
https://doi.org/10.1038/s41559-017-0365-6
https://doi.org/10.1080/17550874.2017.1402382
https://doi.org/10.1080/00173134.2015.1066424
https://doi.org/10.3732/ajb.1400517

Bolinder K, Humphreys AM, Ehrlén J, Alexandersson R, Ickert-Bond SM, Rydin C. 2016.
From near extinction to diversification by means of a shift in pollination mechanism in
the gymnosperm relict Ephedra (Ephedraceae, Gnetales). Botanical Journal of the

Linnean Society 180: 461-477 doi: 10.1111/b0j.12380

Celeddn-Neghme C, Traveset A, Calvifio-Cancela M. 2013. Contrasting patterns of seed
dispersal between alien mammals and native lizards in a declining plant species. Plant

Ecology 214: 657—667 doi: 10.1007/s11258-013-0197-7

Celedén-Neghme C, Santamaria L, Gonzalez-Teuber M. 2016. The role of pollination
drops in animal pollination in the Mediterranean gymnosperm Ephedra fragilis

(Gnetales). Plant Ecology 217: 1545-1552 doi: 10.1007/s11258-016-0667-9

Da Costa ACG, de Albuquerque IS, Thomas WW, Machado IC. 2018. Influence of
environmental variation on the pollination of the ambophilous sedge Rhynchospora
ciliata (Cyperaceae). Plant Ecology 219: 241-250 doi: 10.1007/s11258-018-0792-8Da
Silva LP, Ramos JA, Olesen JM, Traveset A, Heleno RH. 2014. Flower visitation by birds

in Europe. Oikos 123(11): 1377-1383 doi: 10.1111/0ik.01347

Do Amaral-Franco J. 1986. Ephedra L. In: Castroviejo S, Lainz M, Lépez-Gonzdlez G,
Mufoz-Garmendia F, Paiva J, Villar L, eds. Flora iberica 1. Madrid: Real Jardin

Botanico, CSIC, 191-195.

Durtsche RD. 2000. Ontogenic plasticity of food habits in the Mexican spiny-tailed

iguana, Ctenosaura pectinata. Oecologia 124: 185-195 doi: 10.1007/s004420050006

22

610z Aeniged 60 uo 1senb Aq 80288zS/100zId/eidqoe/c601 01 /10pAoBASqe-0)dIB-80uBAPE/E|dqoR/W02 dNoolwspeoe//:sd)y Wol) papEojuMoQ


https://doi.org/10.1111/boj.12380
https://doi.org/10.1007/s11258-013-0197-7
https://doi.org/10.1007/s11258-016-0667-9
https://doi.org/10.1111/oik.01347

Fialho RF, Rocha CFD, Vrcibradic D. 2000. Feeding ecology of Tropidurus torquatus:
ontogenetic shift in plant consumption and seasonal trends in diet. Journal of

Herpetology 34 (2): 325-330 doi: 10.2307/1565437

Fuster F, Kaiser-Bunbury C, Olesen J, Traveset A. 2018. Global patterns of the double

mutualism phenomenon. Ecography 42: 1-10 doi: 10.1111/ecog.04008

Garcia MB, Espadaler X, Olesen JM. 2012. Extreme reproduction and survival of a true
cliffhanger: the endangered plant Borderea chouardii (Dioscoreaceae). PLoS ONE 7(9):

e44657 doi: 10.1371/journal.pone.0044657

Gomes VGN, Quirino ZGM, Machado IC. 2014. Pollination and seed dispersal of
Melocactus ernestii Vaupel subsp. ernestii (Cactaceae) by lizards: an example of double

mutualism. Plant Biology 16 (2): 315—322 doi: 10.1111/plb.12063

Gong YB, Yang M, Vamosi JC, Yang HM, Mu WX, Li JK, Wan T. 2016. Wind or insect
pollination? Ambophily in a subtropical gymnosperm Gnetum parvifolium (Gnetales).

Plant Species Biology 31: 272—279 doi: 10.1111/1442-1984.12112

Gonzalez-Varo JP, Traveset A. 2010. Among-individual variation in pollen limitation and
inbreeding depression in a mixed-mating shrub. Annals of Botany 106: 999-1008 doi:

10.1093%2Faob%2Fmcg200

Gonzalez-Varo JP, Traveset A. 2016. The labile limits of forbidden interactions. Trends

in Ecology & Evolution 31: 700710 doi: 10.1016/j.tree.2016.06.009

Hall JA, Walter GH. 2018. Pollination of the Australian cycad Cycas ophiolitica

(Cycadaceae): the limited role of wind pollination in a cycad with beetle pollinator

23

610z Aeniged 60 uo 1senb Aq 80288zS/100zId/eidqoe/c601 01 /10pAoBASqe-0)dIB-80uBAPE/E|dqoR/W02 dNoolwspeoe//:sd)y Wol) papEojuMoQ


https://doi.org/10.1371/journal.pone.0044657
https://doi.org/10.1111/plb.12063
https://doi.org/10.1111/1442-1984.12112
https://dx.doi.org/10.1093%2Faob%2Fmcq200
https://doi.org/10.1016/j.tree.2016.06.009

mutualists, and its ecological significance. Journal of Tropical Ecology 34: 121-134 doi:

10.1017/50266467418000111

Hansen DM, Kiesbliy HC, Jones CG, Miiller CB. 2007. Positive indirect interactions
between neighboring plant species via a lizard pollinator. The American Naturalist

169(4): 534-542 doi: 10.1086/511960

Hansen DM, Miller CB. 2009a. Reproductive ecology of endangered enigmatic
mauritian endemic Roussea simplex (Rousseaceae). International Journal of Plant

Sciences 170 (1): 42-52 doi: 10.1086/593050

Hansen DM, Miiller CB. 2009b. Invasive ants disrupt gecko pollination and seed
dispersal of the endangered plant Roussea simplex in Mauritius. Biotropica 41(2): 202—

208 doi: 10.1111/j.1744-7429.2008.00473.x

Herrera CM. 1987. Vertebrate-dispersed plants of the Iberina Peninsula: a study of

fruits characteristics. Ecological Monographs 57(4): 305—-331 doi: 10.2307/2937089

Herrera CM, Pellmyr O. 2002. Plant-animal interactions: an evolutionary approach.

Oxford: Blackwell Science.

Hervias-Parejo S, Traveset A. 2018. Pollination effectiveness of opportunistic
Galapagos birds compared to that of insects: from fruit set to seedling emergence.

American Journal of Botany 105(7): 1-12 doi: 10.1002/ajb2.1122

Kaiser-Bunbury CN, Muff S, Memmott J, Muller CB, Caflisch A. 2010. The robustness of

pollination networks to the loss of species and interactions: a quantitative approach

24

610z Aeniged 60 uo 1senb Aq 80288zS/100zId/eidqoe/c601 01 /10pAoBASqe-0)dIB-80uBAPE/E|dqoR/W02 dNoolwspeoe//:sd)y Wol) papEojuMoQ


https://doi.org/10.1086/511960
https://doi.org/10.1086/593050
https://doi.org/10.1111/j.1744-7429.2008.00473.x
https://doi.org/10.1002/ajb2.1122

incorporating pollinator behaviour. Ecology Letters 13: 442—-452 doi: 10.1111/j.1461-

0248.2009.01437.x

Kaliontzopoulou A, Adams DC, van der Meijden A, Perera A, Carretero MA. 2012.
Relationships between head morphology, bite performance and ecology in two species

of Podarcis wall lizards. Evolutionary Ecology 26: 825-845 doi: 10.1007/s10682-011-

9538-y

Kelly D, Ladley JJ, Robertson AW. 2004. Is dispersal easier than pollination? Two tests
in New Zealand Loranthaceae. New Zealand Journal of Botany 42: 89-103 doi:

10.1080/0028825X.2004.9512892

Kiers ET, Palmer TM, Ives AR, Bruno JF, Bronstein JL. 2010. Mutualisms in changing
world: an evolutionary perspective. Ecology Letters 13: 1459-1474 doi:

10.1111/j.1461-0248.2010.01538.x

Kono M. Tobe H. 2007. Is Cycas revoluta (Cycadaceae) wind- or insect-pollinated?

American Journal of Botany 94: 847—855 doi: 10.3732/ajb.94.5.847

Labandeira C, Kvacek J, Mostovski MB. 2007. Pollination drops, pollen, and insect

pollination of Mesozoic gymnosperms. Taxon 56(3): 663—695 doi: 10.2307/25065853

Le Péchon T, Sanchez M, Humeau L, Gigord LDB, Zhang L. 2013. Vertebrate pollination
of the endemic Trochetia granulata (Malvaceae) on Réunion. Journal of Tropical

Ecology 29: 353—-356 doi: 10.1017/50266467413000278

Leung ES, Chilvers BL, Nakagawa S, Moore AB, Robertson BC. 2012. Sexual segregation

in juvenile New zealand sea lion foraging ranges: implications for intraspecific

25

610z Aeniged 60 uo 1senb Aq 80288zS/100zId/eidqoe/c601 01 /10pAoBASqe-0)dIB-80uBAPE/E|dqoR/W02 dNoolwspeoe//:sd)y Wol) papEojuMoQ


https://doi.org/10.1111/j.1461-0248.2009.01437.x
https://doi.org/10.1111/j.1461-0248.2009.01437.x
https://doi.org/10.1007/s10682-011-9538-y
https://doi.org/10.1007/s10682-011-9538-y
https://doi.org/10.1080/0028825X.2004.9512892
https://doi.org/10.1111/j.1461-0248.2010.01538.x
https://doi.org/10.1017/S0266467413000278

competition, population dynamics and conservation. PLoS ONE 7(9): e45389 doi:

10.1371/journal.pone.0045389

Mac Arthur RH, Diamond JM, Karr JR. 1972. Density compensation in island faunas.

Ecology 53(2): 330-342 doi: doi.org/10.2307/1934090

Markgraf F. 1964. Ephedra L. In: Tutin TG, Heywood VH, Burges NA, Valentine DH,
Walters SM, Webb DA, eds. Flora Europaea. Volume I: Lycopodiaceae to Platanaceae.

Cambridge: University Press, 40.

Mata VA, Amorim F, Corley MFV, McCracken GF, Rebelo H, Beja P. 2016. Female
dietary bias towards large migatory moths in the European free-tailed bat (Tadarida

teniotis). Biology Letters 12: 20150988 doi: 10.1098/rsbl.2015.0988

Meeuse ADJ, Demeijer AH, Mohr OWP, Wellinga SM. 1990. Entomophily in the
dioecious gymnosperm Ephedra aphylla Forsk (=E. alte C.A. Mey.), with some notes on
Ephedra campylopoda C.A. Mey. lll. Further antheco- logical studies and relative
importance of entomophily. Israel Journal of Botany 39:113-123 doi:

10.1080/0021213X.1990.10677136

Miranda M, Sicilia M, Bartolomé J, Molina-Alcaide E, Galvez-Bravo L, Cassinello J. 2012.
Foraging sexual segregation in a Mediterranean environment: summer drought
modulates sex-specific resource selection. Journal of Arid Environments 85: 97-104

doi: doi.org/10.1016/j.jaridenv.2012.05.011

Neghme C, Santamaria L, Calvifio-Cancela M. 2017. Strong dependence of a pioneer

shrub on seed dispersal services provided by an endemic endangered lizard in a

26

610z Aeniged 60 uo 1senb Aq 80288zS/100zId/eidqoe/c601 01 /10pAoBASqe-0)dIB-80uBAPE/E|dqoR/W02 dNoolwspeoe//:sd)y Wol) papEojuMoQ


https://doi.org/10.1371/journal.pone.0045389
https://doi.org/10.2307/1934090
http://dx.doi.org/10.1098/rsbl.2015.0988
https://doi.org/10.1016/j.jaridenv.2012.05.011

Mediterranean island  ecosystem. PLoS ONE 12(8): 0183072 doi:

10.1371/journal.pone.0183072

Nepi M, von Aderkas P, Wagner R, Mugnaini S, Coulter A, Pacini E. 2009. Nectar and
pollination drops: how different are they? Annals of Botany 104: 205-219 doi:

10.1093/aob/mcp124

Nepi M, Little S, Guarnieri M, Nocentini D, Prior N, Gill J, Tomlinson PB, Ickert-Bond
SM, Pirone C, Pacini E, von Aderkas P. 2017. Phylogenetic and functional signals in
gymnosperm ovular secretions. Annals of Botany 120: 923-936 doi:

10.1093/aob/mcx103

Niklas KJ. 1982. Simulated and empiric wind pollination patterns of conifer ovulate
cones. Proceedings of the National Academy of Sciences 79: 510-514 doi:

10.1073/pnas.79.2.510

Niklas KJ. 1985. Wind pollination — A study in controlled chaos: aerodynamic studies of
wind-pollinated plants reveal a high degree of control in the apparently random

process of pollen capture. American Scientist 73(5): 462 — 470

Niklas KJ, Buchmann SL. 1987. The aerodynamics of pollen capture in two sympatric

Ephedra species. Evolution 41(1): 104-123 doi: 10.2307/2408976

Nyhagen DF, Kragelund C, Olesen JM, Jones CG. 2001. Insular interactions between
lizards and flowers: flower visitation by an endemic Mauritian gecko. Journal of

Tropical Ecology 17: 755-761 doi: 10.1017/50266467401001560

27

6102 Areniga4 60 uo 1senb Aq 80z882S/10021d/e1dqoe/ee01 "0 /Iop/1oRISqe-8]0Ie-a0uBApE/E|dqoR /W02 dNo dIWapee//:sdly Wol) PapEojUMO(]


https://doi.org/10.1371/journal.pone.0183072
https://doi.org/10.1017/S0266467401001560

Nyhagen DF, Turnbull SD, Olesen JM, Jones CG. 2005. An investigation into the role of
the Mauritian flying fox, Pteropus niger, in forest regeneration. Biology Conservation

122: 491-497 doi: 10.1016/j.biocon.2004.08.012

Olesen JM, Valido A. 2003. Lizards as pollinators and seed dispersers: an island

phenomenon. Trends in Ecology & Evolution 18(4): 177-181 doi: 10.1016/S0169-

5347(03)00004-1

Olesen JM, Damgaard CF, Fuster F, Heleno RH, Nogales M, Rumeu B, Trgjelsgaard K,
Vargas P, Traveset A. 2018. Disclosing the double mutualist role of birds on Galapagos.

Scientific Reports 8. doi: 10.1038/s41598-017-17592-8

Ortega-Olivencia A, Rodriguez-Riafio T, Valtueia FJ, Lopez J, Devesa JA. 2005. First
confirmation of a native bird-pollinated plant in Europe. Oikos 110: 578-590 doi:

10.1111/j.0030-1299.2005.13877..x

Ortega-Olivencia A, Rodriguez-Riafio T, Pérez-Bote JL, Lépez J, Mayo C, Valtueiia FJ,
Navarro-Pérez M. 2012. Insects, birds and lizards as pollinators of the largest-flowered
Scrophularia of Europe and Macaronesia. Annals of Botany 109: 153-167 doi:

10.1093/aob/mcr255

Pellmyr O. 2002. Pollination by animals. In: Herrera CM, Pellmyr O, eds. Plant-animal

interactions: an evolutionary approach. Oxford: Blackwell Science, 157-184.

Pérez-Mellado V, Traveset A. 1999. Relationships between plants and Mediterranean

lizards. Natura Croatica 8(3): 275-285.

28

610z Aeniged 60 uo 1senb Aq 80288zS/100zId/eidqoe/c601 01 /10pAoBASqe-0)dIB-80uBAPE/E|dqoR/W02 dNoolwspeoe//:sd)y Wol) papEojuMoQ


https://doi.org/10.1016/j.biocon.2004.08.012
https://doi.org/10.1016/S0169-5347(03)00004-1
https://doi.org/10.1016/S0169-5347(03)00004-1
https://doi.org/10.1038/s41598-017-17592-8
https://doi.org/10.1111/j.0030-1299.2005.13877.x
https://doi.org/10.1093/aob/mcr255

Pérez-Mellado V. 2002. Podarcis lilfordi. In: Pleguezuelos JM, Marquez R, Lizana M,
eds. Atlas y libro rojo de los anfibios y reptiles de Espafia. Madrid: Direccién General de

Conservacion de la Naturaleza — Asociacion Herpetoldgica Espafiola, 248-250.

Pérez-Méndez N, Rodriguez A, Nogales M. 2018. Intra-specific downsizing of frugivores
affects seed germination of fleshy-fruited plant species. Acta Oecologica 86: 38—41 doi:

10.1016/j.actao.2017.11.017

Ratto F, Simmons BI, Spake R, Zamora-Gutierrez V, MacDonald MA, Merriman JC,
Tremlett CJ, Poppy GM, Peh KS-H, Dicks L. 2018. Global importance of vertebrate
pollinators for plant reproductive success: a meta-analysis. Frontiers in Ecology and the

Environment 16(2): 82—90 doi: 10.1002/fee.1763

Rios LD, Fuchs EJ, Hodel DR, Cascante-Marin A. 2014. Neither insects nor wind:
ambophily in dioecious Chamaedorea palms (Arecaceae). Plant Biology 16(4): 702-710

doi: 10.1111/plb.12119

Rodriguez-Pérez J, Traveset A. 2010. Seed dispersal effectiveness in a plant-lizard
interaction and its consequences for plant regeneration after disperser loss. Plant

Ecology 207: 269-280 doi: 10.1007/s11258-009-9671-7

Rodriguez-Pérez J, Larrinaga AR, Santamaria L. 2012. Effects of frugivore preferences
and habitat heterogeneity on seed rain: a multi-scale analysis. PLoS ONE 7(3): e33246

doi: 10.1371/journal.pone.0033246

Rodriguez-Rodriguez MC, Valido A. 2008. Opportunistic nectar-feeding birds are

effective pollinators of bird-flowers from Canary Islands: experimental evidence from

29

610z Aeniged 60 uo 1senb Aq 80288zS/100zId/eidqoe/c601 01 /10pAoBASqe-0)dIB-80uBAPE/E|dqoR/W02 dNoolwspeoe//:sd)y Wol) papEojuMoQ


https://doi.org/10.1016/j.actao.2017.11.017
https://doi.org/10.1002/fee.1763
https://doi.org/10.1007/s11258-009-9671-7
https://doi.org/10.1371/journal.pone.0033246

Isoplexis canariensis (Scrophulariaceae). American Journal of Botany 95(11): 1408—

1415 doi: 10.3732/ajb.0800055

Rodriguez-Rodriguez MC, Jordano P, Valido A. 2013. Quantity and quality components
of effectiveness in insular pollinator assemblages. Oecologia 173(1): 179-190 doi:

10.1007/s00442-013-2606-y

Rydin C, Bolinder K. 2015. Moonlight pollination in the gymnosperm Ephedra

(Gnetales). Biology Letters 11: 20140993 doi: 10.1098/rsbl.2014.0993

Salvador A. 2009. Lagartija balear — Podarcis lilfordi (GUnther, 1874). In: Salvador A,
Marco A, eds. Enciclopedia Virtual de los Vertebrados Espafoles. Madrid: Museo

Nacional de Ciencias Naturales.

Sax DF, Gaines SD. 2008. Species invasions and extinction: the future of native
biodiversity on islands. Proceedings of the National Academy of Sciences of the United

States of America 105: 11490-11497 doi: 10.1073/pnas.0802290105

Sazima I, Sazima C, Sazima M. 2005. Little dragons prefer flowers to maidens: a lizards
that laps nectar and pollinates trees. Biota Neotropica 5(1): 185-192 doi:

10.1590/51676-06032005000100018

Schupp EW, Jordano P, Gémez JM. 2017. A general framework for effectiveness

concepts in mutualisms. Ecology Letters 20: 577-590 doi: 10.1111/ele.12764

Scott SN, Clegg SM, Blomberg SP, Kikkawa J, Owens IPF. 2003. Morphological shifts in
island-dwelling Birds : the Roles of generalist foraging and niche expansion. Evolution

57(9): 2147-2156 doi: 10.1554/03-021

30

610z Aeniged 60 uo 1senb Aq 80288zS/100zId/eidqoe/c601 01 /10pAoBASqe-0)dIB-80uBAPE/E|dqoR/W02 dNoolwspeoe//:sd)y Wol) papEojuMoQ


https://doi.org/10.3732/ajb.0800055
https://doi.org/10.1007/s00442-013-2606-y
https://doi.org/10.1073/pnas.0802290105
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S1676-06032005000100018&lng=en&tlng=en
https://doi.org/10.1111/ele.12764
https://doi.org/10.1554/03-021

Soriano PJ, Ruiz A. 2002. The role of bats and birds in the reproduction of columnar
cacti in the northern Andes. In: Fleming TH, Valiente—Banuet A, eds. Columnar cacti

and their mutualists. Tucson: University of Arizona Press, 241-263.

Takaso T, Owens JN. 1995. Pollination drop and microdrop secretions in Cedrus.

International Journal of Plant Sciences 156: 640—649 doi: 10.1086/297286

Traveset A, Saez E. 1997. Pollination of Euphorbia dendroides by lizards and insects:
spatio-temporal variation in patterns of flowers visitation. Oecologia 111: 241-248 doi:

10.1007/PL0O0008816

Traveset A, Riera N. 2005. Disruption of a plant-lizard seed dispersal system and its
ecological effects on a threatened endemic plant in the Balearic Islands.

Conservation Biology 19(2): 421-431 doi: 10.1111/j.1523-1739.2005.00019.x

Traveset A, Gonzalez-Varo JP, Valido A. 2012. Long-term demographic consequences of
a seed dispersal disruption. Proceedings of the Royal Society B 279: 3298-3303 doi:

10.1098/rspb.2012.0535

Traveset A, Heleno R, Chamorro S, Vargas P, McMullen CK, Castro-Urgal R, Nogales M,
Herrera HW, Olesen JM. 2013. Invaders of pollination networks in the Galdpagos
Islands: emergence of novel communities. Proceedings of the Royal Society of London

B 280: 20123040. doi: 10.1098/rspb.2012.3040

Traveset A, Richardson DM. 2014. Mutualistic interactions and biological invasions.
Annual Review of Ecology, Evolution and Systematics 45: 89-113 doi:

10.1146/annurev-ecolsys-120213-091857

31

610z Aeniged 60 uo 1senb Aq 80288zS/100zId/eidqoe/c601 01 /10pAoBASqe-0)dIB-80uBAPE/E|dqoR/W02 dNoolwspeoe//:sd)y Wol) papEojuMoQ


https://doi.org/10.1007/PL00008816
http://dx.doi.org/10.1098/rspb.2012.3040
https://doi.org/10.1146/annurev-ecolsys-120213-091857

Traveset A, Olesen JM, Nogales M, Vargas P, Jaramillo P, Antolin E, Trigo MM, Heleno
R. 2015. Bird-flower visitation networks in the Galapagos unveil a widespread

interaction release. Nature Communications 6: 6376. doi: 10.1038/ncomms7376

Von Aderkas P, Prior N, Gagnon S, Little S, Cross T, Hardie D, Borchers C, Thornburg R,
Hou C, Lunny A. 2015. Degradome and secretome of pollination drops of Ephedra. The

Botanical Review 81: 1-27 doi: 10.1007/s12229-014-9147-x

Walas L, Mandryk W, Thomas PA, Tyrata-Wierucka T, Iszkuto G. 2018. Sexual systems in
gymnosperms: A review. Basic and Applied Ecology 31: 1-9 doi:

10.1016/j.baae.2018.05.009

Wan Y, Quan RC, Ren GP, Wang L, Long YC, Liu XH, Zhu JG. 2013. Niche divergence
among sex and age classes in black-and-white snub-nosed monkeys (Rhinopithecus

bieti). International Journal of Primatology 34: 946-956 doi: 10.1007/s10764-013-

9712-x

Ziegler H. 1959. Uber die zusammensetzung des “bestdubungstropfens” und den

mechanismus seiner secretion. Planta 52: 587-599 doi: 10.1007/bf01914757

Zoeller KC, Steenhuisen SL, Johnson SD, Midgley JJ. 2016. New evidence for mammal
pollination of Protea species (Preteaceae) based on remote-camera analysis.

Australian Journal of Botany 64: 1-7 doi: 10.1071/BT15111

Zuur AF, leno EN, Walker NJ, Saveliev AA, Smith GM. 2009. Mixed effects models and

extensions in ecology with R. New York: Springer.

32

610z Aeniged 60 uo 1senb Aq 80288zS/100zId/eidqoe/c601 01 /10pAoBASqe-0)dIB-80uBAPE/E|dqoR/W02 dNoolwspeoe//:sd)y Wol) papEojuMoQ


https://doi.org/10.1038/ncomms7376
https://doi.org/10.1007/s10764-013-9712-x
https://doi.org/10.1007/s10764-013-9712-x
https://doi.org/10.1071/BT15111

Zwolak R. 2018. How intraspecific variation in seed-dispersing animals matters for

plants. Biological Reviews 93: 897-913 doi: 10.1111/brv.12377

33

6102 Areniga4 60 uo 1senb Aq 80z882S/10021d/e1dqoe/ee01 "0 /Iop/1oRISqe-8]0Ie-a0uBApE/E|dqoR /W02 dNo dIWapee//:sdly Wol) PapEojUMO(]


https://doi.org/10.1111/brv.12377

Figure legends

Fig. 1 Anemogamy a) and lizard exclusion b) treatments carried out in Ephedra fragilis

on Dragonera Island during the pollination season of 2016.

Fig. 2 Mean and standard error (SE) of the plant visitation rate (visits h') of lizards and
insects during the pollination periods of 2015 and 2016. Different letters above the
columns indicate significant differences (Tukey’s post hoc tests, P < 0.05) among

pollinator groups; differences are given for each year separately; *P < 0.001.

Fig. 3 Mean and standard error (SE) of seed set (% seeds) of the different treatments.
Different letters indicate significant differences (Tukey’s post hoc tests, P < 0.05)

among treatments.

Fig. 4 Interaction between seed germination and seed weight (predicted probabilities
from the GLMM) in the three pollination treatments. Values show least squares means

and confidence intervals.

Fig. 5 Seed consumption ((fleshy female cones consumed lizard™) h™) by lizards during
the dispersal period of 2016. Different letters indicate significant differences (Tukey’s

post hoc tests, P < 0.05) among lizard groups.
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Table 1 GLMMs selected based on AlCc for the different response variables (models

with AAICc < 2 were considered to be equivalent).

R E Link
esPonse Model Predictor variable Random . _rror. |n. )(2 df P
variable distribution function
- Pollinator Plant 201.09 3 <0.001%*
1 - Year ID/Census Gamma log 8.03 1 0.005*
. - Pollinator x Year ID 34.40 3 <0.001*
Plant visitation
rate - Pollinator Plant 201.05 3 <0.001*
- *
Year ID/Census Gamma log 8.10 1 0004
- Plant sex D 0.13 1 0.722
- Pollinator x Year 34.37 3 <0.001*
1 - Treatment Plant ID Binomial logit 1670.9 2 <0.001*
5 - Treatment Plant ID Binomial logit 1670.88 2 <0.001*
Seed set - Plant width & 128 1 0258
- Treatment 1670.89 2 <0.001*
3 Plant ID Bi ial logit
- Plant height an = & o8l 063 1 0426
Seed weight 1 - Treatment Plant ID Gaussian identity 5.10 2 0.080
- Treatment 3.25 2 0.197
1 - Seed weight Plant ID Binomial logit 28.95 1 <0.001*
- Treatment x seed weight 12.65 2 0.002*
- Treatment 3.01 2 0.222
L - Seed weight 31.47 1 <0.001*
G tion 9 . . .
ermination % 2 - Plant width Plant ID Binomial logit 555 1 0111
- Treatment x seed weight 12.01 2  0.003*
- Treatment 3.20 2 0.202
- Seed weight . . . 29.30 1 <0.001%*
3 - Plant height Plant ID Binomial logit 039 1 0.533
- Treatment x seed weight 12.60 2  0.002%*

* Means significant effect
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Figure 1
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Figure 2

Downloaded from https://academic.oup.com/aobpla/advance-article-abstract/doi/10.1093/aobpla/plz001/5288208 by guest on 09 February 2019
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Figure 3
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Figure 4
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Figure 5
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