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Abstract

1. How animal-pollinated plants support low and stochastic pollination in the high

alpine is a key question in plant ecology. The ovule bet-hedging hypothesis pro-
poses compensation for stochastic pollination via ovule oversupply in flowers al-
lowing the benefits of windfall pollination events to be reaped. Under this
hypothesis, ovule number is expected to increase from tree line upward on high
mountains characterized by steep declines in flower visitation rates and increas-

ingly more variable pollination.

. Ovule/floret number was investigated for a total of 174 simple-flowered and

pseudanthial species in the central Chilean Andes (2,100-3,650 m.a.s.l.).
Phylogenetic reconstruction was undertaken using ITS sequences and a con-
strained ordinal-level backbone reflecting the APG-IV topology. Ovule/floret
number was modelled with ordinary least squares regression (OLS) and phyloge-
netic generalized least squares regression (PGLS) with elevation, floral biomass,
life history, pollinator efficiency, pollination generalization, and seasonal flowering

period as explanatory variables.

. The best performing OLS and PGLS models for simple-flowered species consist-

ently included vegetation belt and floral biomass, and with PGLS, pollination effi-
ciency and flowering period. For pseudanthial species, explanatory variables were
always floral biomass and its interaction with elevation. Effects of life history and
generalized pollination was not found. Ovule/floret number showed high phyloge-
netic signal, increased with floral biomass and was generally higher in the upper
alpine belt in both floral categories. Simple-flowered species with efficient polli-

nation and flowering early, respectively, had larger ovule numbers.

. Synthesis. Ovule number increases with elevation in the central Chilean alpine in

two separate floral groups independently of some effects of flowering period and
pollinator efficiency. Greater disparity in pollen deposition on stigmas than with
inefficient pollination under low visitation rates might explain the association be-
tween efficient pollination and higher ovule numbers. Our study provides the first
empirical evidence for ovule bet-hedging in the alpine environment. Future stud-

ies on the ovule bet-hedging hypothesis should include a measure of flower size.
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1 | INTRODUCTION

An estimated 87.5% of flowering plants are pollinated by animals
(Ollerton, Winfree, & Tarrant, 2011). This percentage translates to
over 323,000 species based on the current total of 396,400 angio-
sperms (Willis, 2016). While it brings many benefits to flowering
plants (Mitchell, Irwin, Flanagan, & Karron, 2009), animal pollina-
tion is associated with unpredictable variation in the number of
pollen grains received by flowers which in turn can lead to disparity
in flower-to-flower seed set (Burd, 1995). Such stochastic pollina-
tion is driven by the intrinsic behaviour of pollinators (e.g., Jones,
1997), climatic conditions and local weather variation as they af-
fect pollinator survival and activity (Bergman, Molau, & Holmgren,
1996; Corbet, 1990; Torres-Diaz, Cavieres, Mufoz-Ramirez, &
Arroyo, 2007; Totland, 1994) and interspecific competition for
pollinators leading to asymmetry in visitation intensity among co-
flowering species (Mitchell et al., 2009). Flower visitation rates are
known to vary by at least a factor of 10 across biological communi-
ties (Primack & Inouye, 1993). While very high visitation rates can
ameliorate the adverse effect of stochastic visitation on seed set,
thereby leading to an excess of pollen on a proportion of stigmas, at
the other extreme, very low visitation tends to exacerbate it given
that a significant number of stigmas are likely to receive little or no
pollen at all.

In order to survive in strongly stochastic pollination environments,
we expect animal-pollinated plants to possess traits that enable com-
pensation of adverse fitness effects (Arroyo, Mufoz, Henriquez,
Till-Bottraud, & Pérez, 2006; Bond, 1994). Ovule oversupply, the
production of large numbers of ovules, and considered to represent a
bet-hedging strategy, is one such possibility. Bet-hedging is an evolu-
tionary strategy adopted by living organisms to cope with uncertain
environments (Philippi & Seger, 1989; Simons, 2011). The ovule bet-
hedging hypothesis sees an oversupply of ovules at the level of the
individual flower compensating for an absence of seed set in flowers
that fail to be pollinated or receive little pollen (Burd, 1995; Burd et al.,
2009; Rosenheim, Schreiber, & Williams, 2016; Rosenheim, Williams,
& Schreiber, 2014; Schreiber, Rosenheim, Williams, & Harder, 2015).
Under stochastic pollination, plants are seen to obtain fitness gains by
taking maximum advantage of reproductive opportunities afforded
by those flowers that manage to receive ample pollen. The more fre-
quent such windfalls and the greater their magnitude, the greater the
ovule number that should be favoured by selection (Burd et al., 2009).
In agreement, a phylogenetically controlled analysis of 187 species
drawn from the literature found ovule number to be positively cor-
related with two surrogate measures of degree of flower-to-flower

variation in potential mating success (Burd et al., 2009).

Acceptance of ovule bet-hedging as deeply engrained in flow-
ering plants would be greatly strengthened by empirical evidence
coming from comparisons of ovule number in plant communities
differing in levels of pollination stochasticity. In general, alpine and
Arctic habitats are characterized by strongly stochastic pollination
as evidenced by variable visitation rates, erratic visitation, wide vari-
ation in numbers of pollen grains deposited on stigmas, and large
differences in seed set per flower (Ai, Zhou, Xu, Wang, & Li, 2013;
Bergman et al., 1996; Eriksen, Molau, & Svensson, 1993; Fulkerson,
Whittall, & Carlson, 2012; Hocking, 1968; Kasagi & Kudo, 2003;
Kudo & Hirao, 2006; Kudo, Hirao, & Kawai, 2011; Ladinig & Wagner,
2007; Ladinig, Hacker, Neuner, & Wagner, 2013; Lundemo &
Totland, 2007; McCall & Primack, 1992; Tiusanen, Hebert, Schmidt,
& Roslin, 2016; Torres-Diaz et al., 2007; Totland, 1994, 1997 ; Tur,
Saez, Traveset, & Aizen, 2016; Waites & Agren, 2004). Progressively
shorter growing seasons with increasing elevation and latitude
place further restrictions on pollination and seed set by limiting the
amount of time available for flowering and seed maturation (Kérner,
2003). Alpine areas and the Arctic thus are prime candidates for
ovule bet-hedging (Burd et al., 2009). However, although the pos-
sibility of ovule oversupply has been mentioned by some authors
(Fulkerson et al., 2012; Wagner, Lechleitner, & Hosp, 2016), no study
has explicitly tested the ovule bet-hedging hypothesis in these harsh
environments for animal pollinators.

Here, we focus on ovule bet-hedging in the high South American
Andes, a major alpine area characterized by some of the lowest pol-
lination rates recorded among alpine and terrestrial ecosystems in
general (Primack & Inouye, 1993; see also Fulkerson et al., 2012).
Several documented elevational trends, taken together, attest to in-
creasingly stochastic pollination from tree line upward in the south-
ern South American Andes, among them progressively impoverished
pollinator assemblages (Arroyo, Primack, & Armesto, 1982; Medan
et al.,, 2002; Squeo, Cepeda, Olivares, & Arroyo, 2006), deteriorating
pollination network structure (Ramos-Jiliberto et al., 2010), severe
declines in community-wide visitation rates on three alpine gradi-
ents spread over 32° of latitude (Arroyo & Squeo, 1990; Arroyo,
Armesto, & Primack, 1985), and reductions in the proportion of spe-
cies visited or flowers forming fruits (Arroyo, Pacheco, & Dudley,
2017; Medan et al., 2002). Moreover, where looked at, pollen receipt
on stigmas has been found to vary over two orders of magnitude
with large numbers of stigmas receiving no pollen at all (Tur et al.,
2016). Additionally, within species, lower visitation rates and/or
smaller stigmatic pollen loads have been found in higher elevation
populations of strongly and facultatively outcrossing species with
large elevational ranges (Arroyo et al., 2017; Medan, 2003; Segui,
Lazaro, Traveset, Salgado-Luarte, & Gianoli, 2018).



670 Journal of Ecology

ARROYO ET AL.

Contrasting with the above scenario, counterintuitively, alpine
communities in the Andes contain many showy-flowered species
that are totally or strongly dependent on animal pollination (Arroyo
& Squeo, 1990; Arroyo, Humana, Dominguez, & Jespersen, 2012;
Ladd & Arroyo, 2009; Medan, 2003; Medan et al., 2002; Munoz &
Arroyo, 2006; Mufioz & Cavieres, 2008; Pérez, Arroyo, & Armesto,
2009; Torres-Diaz et al., 2011; Tur et al., 2016) with no decrease in
self-incompatibility and sexual dimorphism over elevation detected
on one well-studied alpine gradient (Arroyo & Squeo, 1990). This
constellation of characteristics suggests reduced and less predict-
able pollination in the upper alpine does not severely limit seed set.
In several strongly outcrossing high Andean species, less reliable
visitation on higher sites is known to be ameliorated by intrinsi-
cally long-lived flowers of capitula in Asteraceae or more prolonged
flower longevity produced by the plastic extension of the flower life
span under cooler temperatures and higher soil moisture content
allowing more time for the accumulation of scarce pollinator visits
(Arroyo et al., 2017; Arroyo, Dudley, Jespersen, Pacheco, & Cavieres,
2013; Dudley, Arroyo, & Fernandez-Murillo, 2018; Medan, 2003;
Pacheco, Dudley, Cabezas, Cavieres, & Arroyo, 2016; Torres-Diaz et
al., 2011). Long-lived flowers have also been implicated in compen-
sating low and stochastic visitation in several other alpine areas (Ai
et al., 2013; Bingham & Orthner, 1998; Duan, & Liu, 2007; Pickering,
1997; Steinacher & Wagner, 2010; Utelli & Roy, 2000). However, in
the Andes, flower longevity compensation is rarely fail-safe as evi-
denced by significant pollen limitation in most strongly outcrossing
species studied to date with supplemental pollination and higher lev-
els of pollen limitation in upper elevation populations of individual
species (Arroyo et al., 2017; Ladd & Arroyo, 2009; Mufioz & Arroyo,
2006; Mufoz & Cavieres, 2008; Torres-Diaz et al., 2011). Under
these circumstances, ovule oversupply as an additional means for
counteracting the negative seed set effects of stochastic pollination
becomes a plausible hypothesis.

The outstanding variation in ovule number in flowering plants
covering six orders of magnitude (Burd, 1995) is likely to be partially
due to differences in pollination mechanisms and breeding systems.
If so, with significant pollinator turnover along the alpine gradient
as occurs in the Andes (Arroyo & Squeo, 1990; Arroyo et al., 1982),
pollination can be expected to contribute to variation in ovule num-
ber. It is well known that different pollination vectors differ widely
in the amount of pollen they transport (e.g., Castellanos, Wilson,
& Thomson, 2003; Herrera, 1987; Mayfield, Waser, & Price, 2001;
Medan, Zarlavsky, & Bartoloni, 2013; Saunders, Peisley, Rader,
& Luck, 2016; Wiklund, Eriksson, & Lundberg, 1979). As a case in
point, Mizunaga and Kudo (2017) showed that inefficient dipterans
must make three times as many visits as efficient bees to achieve
comparable fruiting success, implying substantial differences in
the amount of pollen deposited on stigmas. It is interesting to ask,
therefore, whether ovule number differs among species with effi-
cient and inefficient pollinators. Level of pollination generalization
could also be relevant. Because many different pollinators are in-
volved, variation in the number of pollen grains received on stigmas

under generalized pollination is likely to be less pronounced than

with specialized pollination, leading to the prediction of lower ovule
numbers. Moreover, generalized pollination allows plant species to
reap the benefits of pollinators being active over a greater propor-
tion of environmental variability than specialized pollination (Waser,
Chittka, Price, Williams, & Ollerton, 1996) and is also known to be
associated with lower levels of pollen limitation (Pérez et al., 2009;
Waser, et al., 1996). Therefore, overall, more stigmas are likely to
receive at least some pollen than with specialized pollination. For
breeding system, intuitively, ovule oversupply is most expected in
strongly pollinator-dependent self-incompatible species. Stigmas of
flowers in highly autogamous species will receive similar amounts
of pollen, whereas at the other extreme, in highly self-incompatible
species, much variation in stigmatic pollen loads is expected. Such
variation will have the greatest impact on seed set when pollination
rates are very low and consequently should favour windfall pollina-
tion events under such conditions.

In addition to the last-mentioned factors, some studies have
found ovule number to increase with flower size (Davis, 1981,
Lépez, Rodriguez-Riano, Ortega-Olivencia, Devesa, & Ruiz, 1999;
Wetzstein, Yi, Porter, & Ravid, 2013; see also Chalcoff & Aizen,
2016). A rigorous test of the ovule bet-hedging hypothesis over el-
evation requires taking flower size into account in order to discard
the possibility that larger ovules numbers are simply a correlate of
larger flowers selected to increase pollinator visitation or of ele-
vational turnover in pollination mechanisms which is known to be
associated with changes in flower size (e.g., Maad, Armbruster, &
Fenster, 2013). Finally, pollination rates in the alpine (the central
Chilean Andes included) tend to be lower and more variable early in
the flowering season before pollinator populations have built up and
due to spatiotemporal variation in snow melt (Arroyo et al., 1985;
Hirao, Kameyama, Ohara, Isagi, & Kudo, 2006; Kudo, 1993). As over
elevation, larger numbers of ovules are expected in early flowering
species.

To assess the effect of elevation and other variables on ovule
number in the southern Andes, we investigated ovule number in 174
species found over a long alpine gradient in central Chile compris-
ing two vegetation belts (33°S) using a phylogenetically controlled
multispecies approach. Species included both typical simple-flow-
ered species and pseudanthial species as in Asteraceae. The latter
on the grounds that pseudanthia perform an equivalent function to
simple flowers in terms of pollinator attraction (Weberling, 1998). In
view of likely phylogenetic effects, we built comprehensive phyloge-
netic trees for species in both floral categories. Using ordinary least
squares regression (OLS) and phylogenetic generalized least regres-
sion (PGLS) ,we modelled ovule number considering elevation, two
pollination variables, seasonal flowering time, floral biomass, and
life history as a proxy for breeding system as explanatory variables,
and compared flower/pseudanthium size at different elevations. Our
main hypothesis was that plant species in the upper alpine in the
central Chilean Andes are expected to show higher ovule numbers
per flower compared to their lower subalpine counterparts. Ideally,
to test the ovule bet-hedging hypothesis, data on flower-to-flower
variation in pollen receipt on stigmas and seed set is required (cf.,
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Burd, 1995). However, as seen in the mere 187 records that were
available across all habitat types at the time of Burd et al. (2009), this
kind of information is extremely difficult to obtain for large numbers
of species, let alone for a very large number of species on a single
site, as considered here. Therefore, as the next best option, we re-
sorted to looking for broad ecological pattern in ovule number.

2 | MATERIALS AND METHODS

2.1 | Study area

Work was carried out in the subalpine (sometime referred to as
the lower alpine) and high alpine vegetation belts in the Farellones,
Valle-Nevado, and La Parva area immediately to the east of Santiago
(33°S). Both of these two vegetation belts occur above tree line. In
this latitude of the Chilean Andes, the alpine gradient is unusually
long (2,100-3,750 m.a.s.l.) on account of the combined effect of a
naturally depressed mediterranean-climate tree line due to aridity
(Piper et al., 2016) and a high summer 0°C isotherm lying at over
4,000 m.a.s.l. (Carrasco, Casassa, & Quintana, 2005). Choice of a
long alpine gradient facilitated avoidance of slope/aspect and local
topography effects that can confound regional elevational trends
when short alpine gradients are considered (Arroyo et al., 2013).
According to the nearest high elevation weather stations, mean air
temperature for the warmest period of the year (October-March) is
12.4°C at 2,475 m.a.s.l. (El Yeso Embalse) and 9.4°C at 2,780 m.a.s.l.
(Laguna Negra) ( https://explorador.cr2.cl/). Based on the monthly
temperature lapse rates for the Valle Nevado area (Cavieres &
Arroyo, 1999), mean air temperature for the warmest months is
3.2°C at 3,750 m.a.s.l. Cloudy days increase in frequency with el-
evation (Viale & Garreaud, 2014) as does intermittent afternoon
cloudiness and windiness leading to the more variable temperatures
at higher elevations.

The subalpine belt as defined here (hereafter LOW) occurs
from the ecotone with the open Kageneckia angustifolia tree line
at 2,100-2,200 m.a.s.l. to 2,650-2,800 m.a.s.l. (exact elevational
limit depends on exposition). The succeeding high alpine belt (here-
after HIGH) continues to 3,750 m.a.s.l. LOW is comprised of low
rounded shrubs, perennial herbs, and annual herbs. HIGH is domi-
nated by a wide band of cushion plants and perennial herbs which
eventually give way to scattered perennial herbs and subshrubs in
its upper reaches. Occasional annuals can still be found to as high
as 3,500 m.a.s.l. The two alpine belts are strongly floristically dif-
ferentiated with higher species richness in the lower belt (Cavieres,
Penaloza, & Arroyo, 2000).

Flowering begins from around mid-September on the lower
end of the study area to end in late April in the upper reaches
with the mean length of the flowering period for individual spe-
cies increasing over the alpine gradient (Arroyo, Armesto, &
Villagran, 1981). Pollination in the study area is predominantly by
bees, butterflies, and flies, with a few species visited by humming-
birds, ants, and coleopterans (Arroyo et al., 1982). The estimated

17% anemophilous species comprise mostly Poaceae, Juncaceae,
and Cyperaceae. Bee pollination declines while butterfly and
fly pollination increase in importance with increasing elevation
(Arroyo et al., 1982). On this particular alpine gradient, flowers in
the upper alpine receive only around half as many visits per unit
time as those in the lower subalpine (Arroyo et al., 1985, 2017).
Temperature fluctuation over short time-scales relevant to pol-
linator visitation and visitation rates become more variable with
increasing elevation (Arroyo, et al., 1985; Supporting Information
Material S1).

2.2 | Field sampling

We collected material for ovule counts and floral biomass determi-
nation for 130 simple-flowered species (hereafter SF species) and
44 pseudanthial species (hereafter PS species). A full listing of the
species studied can be found in the Dryad Digital Repository (Arroyo
et al., 2018) and in Supporting Information Material S3. One hun-
dred and sixteen species pertain to LOW and 58 to HIGH. Cerastium
arvense L. was included given some doubt over the exotic status
of high mountain plants identified as this species in the southern
Andes. Sampling was carried out across the full austral summer flow-
ering season by two to three persons who combed the entire alpine
gradient. Intensive sampling assured adequate representation of the
floristic composition of each vegetation belt, elevational differences
in species richness, and the range of flowering times at different el-
evations. Most species on our study sites are found exclusively or
are preferentially distributed in one of the two alpine belts and were
sampled in that vegetation belt. So as to comply with the limita-
tions of the Comparative Method, only one population was sampled
for the few species distributed across the entire alpine gradient; in
most cases that population came from the vegetation belt where
the species’ abundance was higher. Species suspected to be exclu-
sively wind-pollinated were not included, given that elevational and
seasonal differences in ovule number are not expected. Moreover,
ovule number in grasses, which predominate among wind-pollinated
species on our study site, is phylogenetically fixed at one (Judd,
Campbell, Kellog, Stevens, & Donoghue, 2008). Two species of the
genus Acaena which is known to be visited by insects but which ap-
pears also to be facultatively wind-pollinated (Arroyo et al., 1982)
were admitted.

2.3 | Ovule number and floral biomass

We collected two neighbouring fresh flowers (or pseudanthia) on a
targeted 20-25 individuals per species. One flower/pseudanthium
was preserved in 70% ethanol and destined for ovule counts under
a dissecting microscope. The second was stored in a paper sack
for floral biomass determination. For the latter, material was dried
at 70°C for 48 hr in a laboratory oven and weighed on a 0.0001 g
precision balance (Denver Instrument Company). In some astera-
ceous species, we counted ovule numbers directly in the field and
obtained dry weights for the same dismembered heads. A few SF
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species bore a single flower. For these, we collected the second
flower from a neighbouring plant. Some very high-elevation spe-
cies form tightly interwoven mats making it difficult to identify
individual plants. In these cases, the two flowers collected will not
necessarily be from identical individuals. We had difficulty count-
ing the thousands of ovules in Caiophora coronata (Loasaceae) due
to their tendency to clump together. For this species, we used a
conservative estimate of ovule number based on available seed
count data. In one asteraceous species (Haplopappus schumannii),
where all capitula were heavy insect-infested, we used an esti-
mate of total floret number per capitulum obtained from cross-
ing experiments (M. T. K. Arroyo, unpublished data). One species
of Nassauvia has fairly tight compound heads which we originally
considered the pollination unit. However, given that a compound
head is not morphologically equivalent to a single head, in the final
analysis, we opted to use the single head to be consistent with
other Asteraceae and species in this genus. Overall, we obtained
ovule number and floral biomass on 20-25 individuals for 84.5%
of the sampled species. Species with lower final sample sizes ei-
ther suffered losses due to ovule infection or lacked sufficient in-
dividuals with two recently opened flowers or pseudanthia at the

time of sampling.

2.4 | Flowering phenology

To test for an effect of flowering time on ovule number, we di-
vided the flowering season into early-, middle-, and late-flowering
based on phenological curves for the same area given in Arroyo
et al. (1981). The middle part of the flowering season was consid-
ered to run from around the beginning of December to the end of
January at 2,320 m.a.s.l., mid-December to the end of February at
2,700 m.a.s.l. (10°C), and the beginning of January to the end of
March at 3,550 m.a.s.l. Species were assigned to one of the three
flowering periods based on their peak flowering dates. Peak flower-
ing dates for 70 of the 174 species (32 high, 38 low) could be ob-
tained directly from Arroyo et al. (1981). For the remaining species,
we estimated peak flowering dates by calculating the length of the
flowering period for the elevation at which each species was stud-
ied. The length of a species’ flowering period was interpolated for a
given elevation using an average of 4.2 weeks at 2,320 m.a.s.l. and
8.4 weeks at 3,550 m.a.s.l. (Arroyo et al., 1981). We then pinpointed
the midpoint flowering date, assuming that flowering had been going
on for at least 10 days at the time we collected floral material. To
assess the accuracy of our estimations, we compared the available
published peak flowering dates (n = 70) with their estimated peak
flowering dates, obtaining identical results in 88.6% of the cases.
In all eight noncoincident species, the estimated flowering peak fell
into an earlier seasonal category. Although many species continue
to flower in the late part of the flowering season, only two species,
both from LOW, showed peak flowering over that period. In view
of the fact that visitation rates are still relatively high at this time
of the year (Arroyo et al., 1985), these species were placed with the
mid-season species.

2.5 | Pollination

For degree of pollination generalization, following Lazaro, Hegland,
and Totland (2008) (see also Sahli & Conner, 2006), we used the
Simpson Diversity Index: 1/D = 1/2,'5:119;2 where p; is the proportional
visitation for pollinator group i and S the number of pollinator groups
(e.g., dipterans, lepidopterans, etc.) visiting a plant species. Highly
specialized pollination takes the value of one while increasingly
larger values indicate increasing generalization. For two species of
the specialized bee-pollinated genus Calceolaria, we assumed that
reported bees were the only pollinators. For pollinator efficiency, we
determined the pollinator group responsible for the highest propor-
tion of visits to a species and classified it as efficient or inefficient.
Bees and hummingbirds were considered efficient pollinators while
lepidopterans, dipterans, coleopterans, and ants were considered
inefficient pollinators. All information for pollination came from
the literature (mainly from earlier work by one of us in the same
area—Arroyo et al., 1982) where either proportional visitation was
reported or could be calculated. Overall, we obtained useful pollina-
tor information for 109 species (LOW = 69; HIGH = 40). Seven ad-

ditional species were reported as not receiving visits.

2.6 | Life history

Presently, there are insufficient published breeding system records
for the central Chilean Andes to investigate the effect of breeding
system on ovule number. We therefore opted for an indirect ap-
proach that relied on the trend for autogamy and self-compatibility
(including in alpine floras) to be more strongly represented in an-
nual than perennial species (Arroyo & Squeo, 1990; Arroyo & Uslar,
1993; Razanajatovo et al., 2016; Wiens, 1984). Accordingly, if breed-
ing system is important, overall, we expect to find a tendency for
higher ovule numbers in perennial species. Species were categorized
as annual (annual herbs) and perennial species (perennial herbs, sub-
shrubs, suffrutices, and shrubs). A few of the annual herbs can also
be biennials.

2.7 | Phylogenetic reconstruction

We constructed separate Bayesian inference molecular phylogenies
for SF and PS species using the nuclear ITS locus. ITS is a fast-evolv-
ing locus that is useful for inferring phylogenetic relationships at
lower taxonomic levels (Mort et al., 2007). Good resolution of the
tips of the phylogenies was desirable as several genera in our sam-
ples are represented by more than one species (as many as nine
species in Adesmia and eight in Senecio). For 52 species (29.9%), we
accessed ITS sequences from GenBank. For Blumenbachia dissecta,
we used a sequence for Blumenbachia sylvestris. For Pyrrhocactus
curvispinus, often considered under Eriosyce, we used Eriosyce sub-
gibbosa. In both cases where such surrogate sequences were used,
the genus is represented by a single species in our samples. For the
remaining 122 species (70.1%), DNA was extracted in our laboratory

from samples collected in the field on our sites. Details of laboratory
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protocols, phylogenetic reconstruction, and GenBank accession
numbers can be found in Supporting Information Materials S2 and
S3.

The ITS topologies were generally coherent with respect
to placement of species in their respective genera and families.
However, the deeper branches of the SF tree did not always reflect
their positions as per the APG-IV topology (APG IV, 2016), consid-
ered to represent the best available knowledge on the phyloge-
netic relationships of deeper angiosperm lineages. We therefore
constrained the ordinal-level branches of the SF tree to reflect the
APG-1V topology. Separate Bayesian inference phylogenetic trees
were built for SF and PS species using MrBayes 3.2 (Ronquist et al.,
2012) and the functions “constraints” and “topologypr.” A General
Time Reversible model with a proportion of invariable sites and a
gamma-shaped distribution of rates across sites (GTR+| model) was
used. We conducted two independent runs of 10,000,000 genera-
tions and sampled every 1,000 generation with a burn-in fraction
of 0.25. Consensus trees computed from sampled trees were made
ultrametric using the “chronos” function in the APE package version
3.1 3 (https://cran.r-project.org/src/contrib/PACKAGES.html#ape)
(Paradis, Claude, & Strimmer, 2004). Polytomies detected in the
consensus trees were resolved randomly assigning a branch length
equal to 0.0001.

2.8 | Data analysis

Ovule/floret number and floral biomass were the means for the in-
dividuals sampled and were log (In) transformed for statistical pur-
poses. The effect of vegetation belt and other variables on ovule/
floret number was examined using PGLS. PGLS was carried out using
a correlation structure that accounts for phylogenetic dependencies
between species based on the Pagel lambda index (). 2 = O indicates
phylogenetic independence, 1 =1 indicates that species covary as
predicted by a Brownian motion model of evolution, and 1 > 1 in-
dicates more covariance than expected under a Brownian model.
PGLS was performed using the function corPagel in the APE r pack-
age (Paradis et al., 2004) in connection with the function gls of the
nlme r package (Pinheiro, Bates, DebRoy, & Sarkar; R Core Team,
2018). Ovule/floret number was also modelled assuming phyloge-
netic independence using the same r functions described above but
setting 4 to 0. This last analysis is equivalent to OLS when trees are
ultrametric (Orme, 2018).

The best-fit models were identified using a stepwise model se-
lection procedure based on Akaike’s information criterion (AIC)
using the function stepAlC in the Mass Package implemented in r
(Venables & Ripley, 2002). This procedure starts with a full model
which includes all possible candidate explanatory variables and
sequentially removes or adds one variable at each step to find the
model with the lowest AIC value. Our first analyses considered all
variables that could be analysed for the total number of species (174)
sampled. For SF species, the initial model in the stepwise procedure
included vegetation belt, floral biomass, life history, and flowering
period along with all first-order interactions between vegetation

belt and the other variables considered. For PS species, the initial
model included the same variables, except that flowering period was
excluded as there were no early flowering species on HIGH and all
but two species fell into the mid-season flowering category on LOW.
Second PGLS and GLS analyses were performed on those species
for which data on pollinator efficiency and pollinator generalization
were available (SF species, n = 109; PS species, n = 29). For SF spe-
cies, initial models in the stepwise procedure included all previously
considered explanatory variables, the two pollination variables and
their respective interactions with vegetation belt. For PS species,
variables were the same with the exception that flowering period
again was not considered. The models selected by the stepwise pro-
cedure for PS species included nonsignificant terms. We removed
those variables to build the final OLS and PGLS models (resulting
in lower AIC values). Additionally, we analysed floral biomass for SF
and PS species with OLS and PGLS to determine whether flower and
pseudanthium size increases with elevation.

3 | RESULTS

The 174 species sampled belong to 36 plant families and 93 gen-
era and thus constitute a taxonomically diverse set of species. The
five most abundant plant families in our samples are Asteraceae
(43 spp.), Fabaceae (15 spp.), Amaryllidaceae (9 spp.), Montiaceae
(9 spp.), and Brassicaceae (7 spp.). Other well-represented families
are Calceolariaceae, Polemoniaceae, Oxalidaceae, Caryophyllaceae,
Apiaceae, and Boraginaceae. SF species belong to 76 genera and 34
families; PS species to 17 genera and two families (Asteraceae and
Calyceraceae). Calyceraceae is an endemic South American family
that is sister to Asteraceae (Pozner, Zanotti, & Johnson, 2012). As in
Asteraceae, the individual florets of the pseudanthium in this fam-
ily possess a single ovule. The overall number of species sampled
is considerably larger than the 103 vascular plant species (Poaceae
and exotic species included) reported in a gradient study in the Valle
Nevado area (Cavieres et al., 2000) and thus is highly representative
of the alpine flora for what is a large study area. The large numerical
difference is partially a reflection of the inclusion in our study of 20
species from wet habitats, not considered in the above-mentioned
study.

Generalized and specialized pollination are found in both veg-
etation belts. However there was no significant difference in
Simpson’s Diversity Index (Mann-Whitney U-test: p = 0.841) among
vegetation belts. Efficient pollination was far more frequent in
the lower part of the alpine (LOW = 56.5%; HIGH = 27.5%; Test of
Proportions: p < 0.005) where bee of pollination is more common.
Not surprisingly, given the open nature of pseudanthia, pollination
in PS species was significantly more generalized than in SF species
(Mann-Whitney U-test: p < 0.001). Although there was a clear ten-
dency for more species with efficient pollinators among SF species,
the difference was not significant (SF = 48.8%; PS = 37.9%; Test of
Proportions: NS). Not surprisingly, annual species were more abun-
dant on LOW (25.0%) than on HIGH (8.6%) (Test of Proportions:
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p < 0.05). Flowering in 70.1% of the species occurred in the middle

of the flowering season. In relative terms, proportionally fewer spe-
cies on HIGH (15.5%) than on LOW (37.0%) showed peak flowering
in the early part of the flowering season for the vegetation belt (Test
of Proportions: p < 0.005).

3.1 | Simple-flowered species

Mean ovule number varied from 1 (several species) to 2,140.3
(Erythranthe lutea) and was variable in 74.6% cases. Floral biomass
ranged from 0.15 to 475.1 mg. Invariant ovule numbers were con-
centrated in the Apiaceae, Lamiaceae, and Boraginaceae. The
proportions of species with an invariant ovule number on LOW
(25.6%) and HIGH (25.0%) were not significantly different (Test of
Proportions: Z =0.067, p = 0.944). Ovule number per flower in in-
variant species was also not significantly different between HIGH
and LOW (Mann-Whitney U test: Z=1.900, p = 0.057). Figure 1
shows the constrained phylogenetic tree for SF species along with
the distribution of ovule number and floral biomass. It can be seen
that ovule number and floral biomass are not uniformly distributed
over the tree. PGLS revealed fairly strong phylogenetic signal for
floral biomass (= 0.86). There was no significant difference in flo-
ral biomass between the two vegetation belts (OLS: t1,128 =-0.88,
p =0.38; PGLS: t; ;,4 = -0.22,p = 0.88).

FIGURE 1 Phylogenetic tree for
simple-flowered species (SF) showing In
ovule number per flower (branch colour)
and In floral biomass (bar length) external
to species names. Branches: cold colours
indicate high ovule numbers; warm
colours indicate low ovule numbers. Bars:
light brown indicate subalpine (LOW);
blue bars indicate upper alpine (HIGH).
Full names for species can be found in
the Dryad Data Repository (Arroyo et
al., 2018) and in Supporting Information
Material S3

For the first analyses on the full set of species, for both OLS and
PGLS, the best performing models on ovule number included floral
biomass and vegetation belt as explanatory variables (Table 1). Life
history, flowering period, and all interactions had no effects. The fit
of the best PGLS model improved with respect to OLS (see lower
AIC value for PGLS, Table 1). Reflecting the unequal distribution
of ovule numbers on the phylogenetic tree (Figure 1), ovule num-
ber showed moderately high phylogenetic signal (1 = 0.68; Table 1).
Results show that elevation and floral biomass both had positive ef-
fects on ovule number (Table 1). As can be seen in Figure 2, for any
given floral biomass, HIGH flowers possess more ovules than LOW
flowers. Overall, these results for SF species are in strong agreement
with the ovule oversupply hypothesis.

For second analyses on SF species where we were able to anal-
yse pollination efficiency and level of pollination generalization in
addition to the earlier variables, the best OLS and PGLS models
again included elevation and floral biomass, but not life history, with
identical trends as described above. However, PGLS now revealed
significant effects of flowering period, pollinator efficiency, and the
interaction between elevation and pollinator efficiency. Level of pol-
lination generalization had no significant effect either with OLS or
PGLS. As with the analyses on the full set of species, ovule number
showed high phylogenetic signal (1 =0.91) (Table 1) and the fit of
the PGLS model improved with respect to OLS (see Aike values in
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TABLE 1 Statistics for the best OLS and PGLS models for ovule number in simple-flowered (SF) and pseudanthial (PS) species obtained
using the stepwise selection AIC procedure. Initial models included all explanatory variables for which data were available and all first-order
interactions with vegetation belt. Explanatory variables were: VB, vegetation belt (LOW, HIGH); FB, floral biomass (In); LH, life history
(annual, perennial); FP, flowering period (early, mid); PE, pollinator efficiency (low, high); PG, pollinator generalization. For categorical
variables, estimates and t-values refer to the first-mentioned state in parenthesis. All data can be found in the Dryad Digital Repository

(Arroyo et al., 2018)

Simple-flowered species (SF): Complete dataset (n = 130 species)
OLS (1=0)

Best model: FB + VB

AIC = 488.9

FB:0.56, t = 6.15, p < 0.001

VB: 0.59,t =1.98,p = 0.049

Simple-flowered species (SF): Partial dataset (n = 80 species)
OLS (4 =0)

Best model: FB + VB

AIC = 295.6

FB:0.78,t = 6.14, p < 0.001

VB:0.77,t =2.18,p = 0.03

Pseudanthial species (PS): Complete dataset (n = 44 species)
OLS (1 =0)

Best model: FB + VB + FB x VB

AIC=112.7

FB:0.56; t = 3.25, p = 0.002

VB: -1.44,t = -1.74,p = 0.09

FB x VB:0.47,t=2.23,p = 0.03

Pseudanthial species (PS): Partial dataset (n = 29 species)
OLS (1=0)

Best model: FB + VB

AIC=73.0

FB:0.37,t = 3.08, p = 0.005
VB:0.58,t=1.91,p=0.06

Table 1). The PGLS results indicate that ovule number is not only
larger in the upper alpine but also in early-flowering species as we
originally predicted. Additionally, efficient pollination was associ-
ated with higher ovule numbers. Moreover, as shown by the signif-
icant interaction between elevation and pollinator efficiency, this
effect became more exaggerated on HIGH. The consistency of the
results for elevation and seasonal flowering period in SF species is
impressive and provides strong support for the ovule bet-hedging
hypothesis.

3.2 | Pseudanthial species

All PS species showed variation in floret number except one.
Mean floret number varied from 4.9 (Nassauvia axillaris) to 169.1
(Hypochaeris thrincioides) and florets in all species had a single ovule.
Floral biomass ranged from 1.4 to 543.9 mg. Figure 3 shows the

PGLS (1=0.68)

Best model: FB + VB

AIC =442.8

FB:0.58, t = 6.89, p < 0.001
VB:0.48,t=2.16,p = 0.03

PGLS (1 =0.91)

Best model: FB + VB + PE + FP + VB x PE
AIC =260.4

FB:0.66, t=5.06, p < 0.001

VB: 1.79,t = 4.44,p < 0.001

PE: 1.90, t = 3.64, p = 0.005
FP:-0.73,t=-2.65,p = 0.010

VB x PE: 1.12,t = 2.19,p = 0.03

PGLS (1=1)

Best model: FB+VB+FB x VB
AIC = 86.6

FB: 0.44; t = 4.69,p < 0.001
VB: -0.41,t=-0.96,p = 0.34
FB xVB:0.24,t =2.07,p = 0.04

PGLS(1=1)

Best model: FB + VB

AIC =63.5
FB:0.33,t=3.45,p = 0.002
VB:0.58,t=2.75,p=0.01

constrained phylogenetic tree for PS species along with the distribu-
tion of floret number and floral biomass. As with SF species, it can be
seen that ovule number and floral biomass are not uniformly distrib-
uted over the tree. In accordance, PGLS, as for SF species, revealed
strong phylogenetic signal for floral biomass ( = 0.93). OLS and PGLS
revealed no significant difference in PS floral biomass between the
two vegetation belts (OLS: t, 4, = -0.42, p = 0.68; PGLS: t, ,, = 1.67,
p =0.10).

In the first analyses on the full set of PS species, the best
OLS and PGLS models for ovule number included floral biomass
and the interaction between floral biomass and vegetation belt
(Table 1). Life history was not relevant. Again, the fit of the PGLS
model improved with respect to the OLS model (see lower AIC
value, Table 1). Ovule number showed high phylogenetic signal
(1 =1)(Table 1, see also Figure 3). Results show that floret number

increases with elevation over most of the range of pseudanthium
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FIGURE 2 Relationship between
ovule number and floral biomass for
simple-flowered (SF) and pseudanthial
species (PS) in the subalpine (LOW)
and high alpine (HIGH) in the central
Chilean Andes. HIGH = open circles:
LOW = closed circles: dashed

lines = HIGH; solid lines = LOW. Lines
were fitted according to the best OLS
models

FIGURE 3 Phylogenetic tree for
pseudanthial species (PS) showing In floret
number per pseudanthium (branch colour)
and In floral biomass (bar length) external
to species names. Branches: cold colours
indicate high ovule numbers; warm

wn wn ((Q) > % e colours indicate low ovules number. Bars:

% % jO 'o@ < O light brown indicate subalpine (LOW);

> (_D‘ =. 2 ‘ blue bars indicate upper alpine (HIGH).
c c Full names for species can be found in
2 Q = Low the Dryad Data Repository (Arroyo et

= . al., 2018) and in Supporting Information
O 0O High Material $3
sizes in study area (Figure 2). In agreement with the significant 4 | DISCUSSION

interaction with vegetation belt, very large pseudanthia on HIGH
showed an exaggerated number of ovules for an equivalent floral
biomass on LOW.

For the second PS analyses where the pollination variables were
included, the best OLS and PGLS models continued to include flo-
ral biomass and its interaction with vegetation belt (Table 1), there
being no effect again of life history nor of pollination generalization
and efficiency. The PGLS model showed the best fit (see AIC value
in Table 1) which is consistent with very high phylogenetic signal
found in this analysis (1 = 1) (Table 1). Overall, results for PS species,
with some nuance, provide good support for the ovule bet-hedging

hypothesis.

Bet-hedging is an evolutionary strategy that enables organisms
to cope with environmental uncertainty (Philippi & Seger, 1989;
Simons, 2011). In plants, seed bank formation (Aslan, Zavaleta,
Tershy, & Croll, 2013; Clauss & Venable, 2000; Evans, Ferriere, Kane,
& Venables, 2007) and ovule oversupply (Burd, 1995; Burd et al.,
2009) are the best documented cases of bet-hedging, but in relative
terms, ovule bet-hedging has received far less attention. Chalcoff
and Aizen (2016) examined ovule number for populations of a tree
species across a rainfall gradient; however, no study has investigated
ovule oversupply across a pollination stochasticity gradient at a

broad community level as we set out to do here. For simple-flowered
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species, we obtained highly consistent evidence for higher numbers
of ovules per flower in the upper alpine in the central Chilean Andes.
We also found higher floret numbers per pseudanthium over most of
the range of pseudanthium sizes represented. Both ovule and floret
number showed high phylogenetic signal in both floral categories,
as has been found for some other reproductive traits in flower-
ing plants (e.g., Alcantara & Lohmann, 2011; Vandelook, Verdu, &
Honnay, 2012; Yang et al., 2014). Although floral biomass did not
increase with elevation, larger flowers and pseudanthia tended to
have more ovules and florets respectively.

In our PGLS analysis for simple-flowered species where two
pollination variables could be incorporated, flowering period and
pollinator efficiency appeared in the best model along with floral
biomass and elevation. Higher numbers of ovules characterized
early-flowering species subject to the inevitable vicissitudes of in-
terannual variation in the time of snow melt and characterized by
overall lower pollination rates (Arroyo et al., 1985). The remark-
able coincidence between this result and the elevational trend in
ovule number adds an exciting new dimension to ovule oversupply.
However, caution is called for because this result only emerged in
one of the two PGLS simple-flowered analyses. Turning to pollina-
tion efficiency, in simple-flowered species, efficient pollination was
found to be coupled to higher ovule numbers. Moreover, this ten-
dency was more strongly manifest in the upper alpine. These results
are intriguing given that efficient pollination is known to be associ-
ated with lower levels of pollen limitation than inefficient pollina-
tion (Gémez, Abdelaziz, Lorite, Munoz-Pajares, & Perfectti, 2010;
Koski, Ison, Padilla, Pham, & Galloway, 2018). They could find an
explanation in the relative amounts of pollen deposited on stigmas
by efficient versus inefficient pollinators. In an alpine area like the
central Chilean Andes where pollination rates are especially low and
variable, greater disparity in stigmatic pollen deposition is likely in
species pollinated by efficient pollinators because relatively more
pollen will be deposited on the stigmas of flowers that are visited
in comparison with those that fail to be visited. Moreover, the ef-
fect is expected to increase with elevation, which is precisely what
we found. No effect of pollinator efficiency was detected in pseu-
danthial species, perhaps because pollination mechanisms are much
more uniform in this floral category

Two surprising results coming out of our study were the lack of a
perceptible effect of degree of pollination generalization and life his-
tory on ovule number. We argued that generalized pollination should
lead to lower disparity in the number of pollen grains deposited on
stigmas than specialized pollination on account of a larger range of
pollinators and pollen size loads and associated lower levels of pollen
limitation (Knight et al., 2005; Lazaro, Lundgren, & Totland, 2015;
Marten-Rodriguez & Fenster, 2010; Wolowski, Ashman, & Freitas,
2014). In other words, higher ovule numbers would be expected with
specialized pollination. Lack of an effect of level of pollination gen-
eralization on ovule number could have been influenced by the fact
that many species in the central Chilean alpine, especially pseudan-
thial species, have strongly generalized pollination. Moreover, spe-
cies in both floral classes broadly classed as specialized on the basis

of their main pollinator groups can be pollinated by more than one
species for the pollinator group in question and thus are generalized
at another level. A finer analysis would be worthwhile.

With respect to life history, annuals are predominantly self-pol-
linating (Snell & Aarssen, 2005; Wiens, 1984) while perennials in-
clude many outcrossing species. Therefore, we expected higher
ovules number in perennials. Interestingly, Burd et al. (2009) likewise
failed to find an effect of life history on ovule number. Furthermore,
ovule number deduced from Wien’s (1984) dataset on seed/ovule
ratios (S/O) and brood size (number of seed per fruit) for close to
200 species shows little difference for annual and perennial species,
although it must be cautioned that this study did not take phylo-
genetic relatedness into account and habitats and probably level of
pollination stochasticity were mixed. It is possible, of course, that
life history is too coarse a proxy to adequately capture variation in
breeding system. Nevertheless, evolutionary history could be rel-
evant. Annual lineages are usually derived from perennial lineages
(Friedman & Rubin, 2015) which will frequently be adapted for out-
crossing. Strongly self-incompatible species suffer more pollen lim-
itation than self-compatible species and especially when the latter
are strongly autogamous (Larson & Barrett, 2000). In the transition
from perenniality and outcrossing to the annual habitat coupled
with selfing, in cases where autonomous selfing has been selected
to provide reproductive assurance, the immediate ancestors of an-
nuals, if they inhabited a stochastic pollination environment, are
likely to have been subject to selection for higher ovule numbers as
a response to a pollinator bottleneck. Seen in this light, larger ovule
numbers in perennial species would not necessarily be expected.
This possibility does not bode well for testing the relationship be-
tween breeding system and ovule oversupply in multispecies stud-
ies. In this context, phylogenetic studies on selected plant lineages
that show variation in ovule number and breeding system and cover
a wide range of pollination stochasticity would be useful. This ap-
proach could help in determining how similar numbers of ovules in
annuals and perennials arise.

Our study is the first multispecies study on ovule bet-hedging to
incorporate a measure of flower size. Flower size is a trait that comes
under strong selection from pollinators (Ashman & Diefenderfer,
2001; Galen, 1996; Johnston, 1991; Parachnowitsch & Kessler,
2010; Totland, 2001; Wilson, Thomson, Stanton, & Rigney, 1994).
For example, a number of studies have shown larger flowers to fa-
vour greater numbers of pollinator visits (e.g., Eckhart, 1991; Glaettli
& Barrett, 2008; see Krizek & Anderson, 2013 for additional ref-
erences) such that flower size might increase over elevation to as-
sure visitation. However, ovule number it is also known to increase
with flower size (cf, Davis, 1981; Lopez et al., 1999; Wetzstein et
al., 2013). As it turns out, we found no evidence for an increase in
floral/pseudanthium biomass on our gradient, but we did find a ten-
dency for more ovules as flower/pseudanthium biomass increased.
Flowers/pseudanthia with larger numbers of ovules/florets, of
course, will tend to have higher biomass. However, the increase in
biomass in simple-flowered species due to additional ovules will be
minimal given the negligent biomass of ovules, such that we can be
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fairly confident that the relationship found in simple flowers primar-
ily reflects the size of other flower parts. For pseudanthial species,
an increase in floret number clearly will add significant biomass to
a pseudanthium because all floret parts are involved. However, our
conclusions for pseudanthial species are not altered, because pseu-
danthia for any given floral biomass over most of the size range
represented in our study area have higher numbers of florets in the
upper alpine. It is tempting to argue that the generally larger flo-
ret numbers at higher elevations in the central Chilean Andes are a
consequence of selection for larger pseudanthia to attract scarcer
pollinators. This is untenable on two counts: (a) pseudanthium size
did not increase with elevation and (b) for equivalent numbers of
florets, pseudanthia tend to be smaller in the high alpine. Overall, our
results suggest that both pseudanthial and simple-flowered species
in the upper alpine assign their resources differently, with greater
emphasis on ovule production than at lower elevations.

The relationship between ovule oversupply and pollen limitation
is a contentious issue. According to Burd et al. (2009) (see also Burd,
2016), ovule oversupply is likely to exacerbate pollen limitation in-
dependently of pollinator availability, given that ovule number per
flower is expected to evolve well above the average number of suc-
cessful fertilizations that occur in all flowers. Under these circum-
stances, where ovule number increases at higher elevations due to
more stochastic pollination, levels of pollen limitation should increase
markedly across the alpine gradient. The Burd et al. (2009) view has
been recently challenged by Rosenheim et al. (2014), Rosenheim et
al. (2016) on the grounds of pre- and postfertilization costs and a
model of optimal plant reproductive allocations under stochastic
pollen receipt. Knowledge on pollen limitation trends above tree line
therefore become very relevant. Present knowledge, based on a rel-
atively small and geographically biased sample of species, suggests
around 50% of alpine species are pollen-limited Garcia-Camacho
and Totland (2009). However, very few studies have measured pol-
len limitation across the alpine gradient over the entire flowering
season (Arroyo et al., 2017; Straka, & Starzomski, 2015; Trunschke
& Stocklin, 2017). Moreover, the alpine gradient involved are often
fairly short leading to the risk of confounding effects of slope/aspect
and local topography on elevational trends. It is therefore not possi-
ble at this time to say what the dominant elevational trend in pollen
limitation above tree line is.

Finally, the question may be asked to what extent ovule bet-
hedging can be expected in alpine floras in general. The answer
here will depend on factors such as the relative richness and abun-
dance of anthophilous insects, summer temperature, and plant
breeding system. In some alpine species, flower longevity com-
pensation seems to work quite well (Bingham & Orthner, 1998;
Pickering, 1997), but in others, as in the Andes, it is not fail-safe
(e.g., Wu et al., 2015). Insects appear to be sufficiently abun-
dant to enable good seed set on some high nival species in the
European Alps (Wagner et al., 2016). Nevertheless, it would not be
surprisingly that the abundant visitation recorded in this study is
recent and due to global warming which is strongly elevation-de-
pendent (Falvey & Garreaud, 2009; Gobiet et al., 2014; Pepin et al.,

2015) and is occurring at a faster rate in the northern hemisphere
(Friedman, Hwang, Chiang, & Frierson, 2013). Effectively, warming
could have changed the elevational distribution and abundance of
anthophilous alpine insects in accordance with their different tem-
perature optima (cf, Lefebvre, Villemant, Fontaine, & Daugeron,
2018). With respect to breeding system, while alpine floras con-
tain many showy-flowered animal-pollinated species and levels
of genetic diversity can be high (e.g., Agisdoéttir, Kuss, & Stocklin,
2009; Arroyo & Squeo, 1990; Bingham & Ranker, 2000; Gaudeul,
Taberlet, & Till-Bottraud, 2000; Gugerli, 1998; Kameyama & Kudo,
2009; Newport, 1989; Pojar, 1974; Rochefort & Peterson, 2001,
Sobrevila, 1989; Trunschke & Stocklin, 2017), the frequency of
genetic self-incompatibility, where ovule bet-hedging is most ex-
pected, varies widely as seen in 44% in a subalpine meadow in
Canada (Pojar, 1974), 30% in the harsh and windy Patagonian al-
pine (Arroyo & Squeo, 1990), and 3% in the Hengduan mountains
in China (Peng et al., 2014). While the first two alpine areas com-
pare favourably with the estimate of 40% self-incompatibility for
flowering plants in general (Igic, Lande, & Kohn, 2008), the last
falls well below. Therefore, on the grounds of breeding system,
considerable variation in the propensity for ovule oversupply in
alpine floras can be expected.

5 | CONCLUSIONS

Our work provides the first evidence for ovule oversupply in the
alpine habitat and is the only study to date that has tested the
ovule bet-hedging hypothesis at a broad community level. Our
demonstration of parallel elevational increases in ovule/floret
number in large suites of species belonging to two different floral
categories that converge functionally in terms of pollinator attrac-
tion, irrespective of effects of pollination, and flowering period on
ovule number, suggests strong selection on ovule number medi-
ated by increasing unpredictable conditions for animal pollination
over elevation in the alpine in the central Chilean Andes. As indi-
cated earlier, we fully recognize that our work would have been
greatly strengthened by some measure of flower-to-flower vari-
ation in potential mating success. The multispecies approach we
used required sampling a very large number of species in order to
adequately represent the alpine flora in two wide vegetation belts.
Thus, this was out of the question. Site replication would also have
been desirable. However, is it unlikely that our major conclusions
would have changed in sampling a second alpine gradient. The al-
pine florain the north-south trending Mediterranean-type climate
Andes of central Chile where the tree line is naturally depressed,
changes very little in species composition from one location to
another. Meaningful site replication would entail moving to a dif-
ferent sector of the Andes such as the more northerly Altiplano.
Splitting the alpine gradient into three, as we have done in previ-
ous studies long before the importance of phylogenetic related-
ness became clear was also not possible because it would lead to
considerable floristic overlap between elevational classes which
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the Comparative Method cannot deal with. In any case, in order
to determine how general our results are, additional studies along
the Andes are in order. Finally, our work calls for all future stud-
ies on ovule oversupply to take flower size into account and for
ecologists in general to make an effort to work with well-resolved
phylogenetic trees at the tips.
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