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A B S T R A C T

Many plants can produce seeds via multiple reproductive modes, such as selfing and outcrossing. Having mul-
tiple reproductive modes can be advantageous if it assures seed production when outcrossing fails, which is
important for species inhabiting environments where pollinators are scarce or variable. However, it can also be
disadvantageous due to the fitness costs associated to selfing. Consequently, plants have mechanisms to reduce
the incidence of selfing. Here we examined the breeding system of Myrcianthes coquimbensis; this threatened
Atacama Desert shrub is the last species to bloom in the community and exhibits low visitation rates per flower
because pollinators are less abundant. Our aim was to determine whether this plant can produce fruits by modes
other than outcrossing, and whether it possesses floral traits to prevent sexual interference. We conducted ex-
perimental flower treatments in two localities to determine whether fruits were produced by outcrossing, selfing,
autonomous selfing and agamospermy. We also evaluated stigma receptivity and pollen viability during a
flower’s lifespan. M. coquimbensis developed fruits and seeds by all the reproductive modes assessed, including
selfing and agamospermy. Flowers presented partial segregation of sexual functions, with the peak of pollen
viability occurring before the peak of stigma receptivity. Selfing is unavoidable in M. coquimbensis and likely
interferes with outcrossing. Coupled with possible early inbreeding depression, it probably results in a cost for
seed production. Our results suggest that this species may be vulnerable in scenarios where pollinators are
scarce; however, agamospermy may provide an alternative route of seed production in these scenarios.

1. Introduction

Understanding how different traits contribute to the reproductive
output of plants is a central topic in ecology (Eckert et al., 2010). Plant
traits that directly determine the means by which a plant produces
seeds (i.e., the modes of reproduction) constitute its breeding system
(Neal and Anderson, 2005; Barrett, 2014). For threatened and rare
plants, breeding system studies are an essential first step to identify
factors that reduce seed production (Johnson and Steiner, 2000;
Davidson et al., 2014; Pérez et al., 2018), particularly for species living
in harsh environments, where pollinators are scarce or their abundance
variable (Castro et al., 2008). Moreover, knowledge of the breeding
system of threatened plants can allow managers to infer how changes in
the pollinator environment may affect their reproductive output
(Larson and Barrett, 2000; Young et al., 2012), their risk of inbreeding
depression (Bellanger et al., 2015) and ultimately, their population

viability (Richardson et al., 2016).
Plants exhibit remarkable variation in their reproductive strategies,

and many species have multiple modes of reproduction including
selfing and agamospermy (Vogler and Kalisz, 2001; Richards, 2003;
Goodwillie et al., 2005; Moreira et al., 2017). Having multiple modes of
reproduction is advantageous if it increases seed production when
outcrossing fails (reproductive assurance) (Eckert et al., 2006). For
example, lack of seed production in environments where pollinator
abundance, activity or effectiveness is variable, can be compensated by
autonomous agamospermy (Bierzychudek, 1987) or autonomous
selfing (e.g., Fausto et al., 2001; Kalisz and Vogler, 2003). However,
having multiple reproductive modes can also be disadvantageous due to
the costs associated to agamospermy (asexuality) and selfing. In au-
tonomous agamospermy, the egg cell that forms the embryo bypasses
meiosis and recombination. This results first in seeds that are clones of
the mother plant (Richards, 2003; Hörandl and Hojsgaard, 2012),
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which do not bring new allelic combinations to the population and
hence make the species vulnerable to environmental changes (Richards,
2003) and second, in deleterious mutations accumulating over gen-
erations (Hojsgaard and Hörandl, 2015). Selfing (autonomous and fa-
cilitated) may also lead to reproductive costs because individuals re-
sulting from several generations of selfing are homozygous and have
higher chances of expressing deleterious mutations, which reduce the
fitness of selfed progeny (i.e., inbreeding depression) (Kephart et al.,
1999; Herlihy and Eckert, 2002), particularly during the seed devel-
opment stage (i.e., early-acting inbreeding depression) (Husband and
Schemske, 1996). Moreover, if autonomous selfing within a flower
occurs in conjunction with outcrossing, it uses ovules and pollen that
would otherwise be available for outcrossing (i.e., ovule and pollen
discounting, respectively) (Eckert and Herlihy, 2004). Pollen and ovule
discounting can also occur when selfing is mediated by pollinators
(both within and among flowers) (Lloyd and Schoen, 1992).

Because of its cost, many plant species have mechanisms that pre-
vent or reduce the incidence of selfing (Barrett, 2003), self-incompat-
ibility being the main mechanism that prevents fecundation by self-
pollen (Hiscock and McInnis, 2003; Busch and Schoen, 2008). None-
theless, even in self-incompatible plants, self-pollen deposited on the
stigmas can interfere with cross-pollination (i.e., sexual interference),
ultimately decreasing seed production (Barrett, 2002). Therefore,
plants also possess floral traits to prevent sexual interference. Two such
traits are 1) the temporal separation in the maturation time of the
stigma and pollen, which allows a segregation of the sexual functions
within the flower (dichogamy) and 2) the spatial separation of the
stigma and anthers (herkogamy), which prevents self-pollen from ar-
riving to the stigma (either autonomously or mediated by pollinators)
(Lloyd and Webb, 1986; Webb and Lloyd, 1986; Dai and Galloway,
2011).

From a conservation perspective, there is an urgent need to un-
derstand more about the reproductive dependency of endangered plant
species on pollen availability (Wilcock and Neiland, 2002; Fernandez
et al., 2012), particularly of outcross-pollen (Gonzalez-Varo and
Traveset, 2010; Gélvez-Zúñiga et al., 2018). The first step in achieving
this understanding is to elucidate their breeding system (Castro et al.,
2008). In this study, we investigated the breeding system ofMyrcianthes
coquimbensis (Myrtaceae), a rare and endangered shrub endemic to a
narrow strip of the Atacama Desert in Chile (García-Guzman et al.,
2012). Three lines of evidence suggest that seed production in M. co-
quimbensis is limited by pollen availability. First, this species exhibits
one of the lowest visitation rates per flower of the plant community (3.6
× 10−3 visits / flower / min; 0.6 % of the community total) (Cortés,
2010). Second, it blooms during the late spring and early austral
summer; that is, in the beginning of the driest period of the year (Peña,
2016), when all other plant species in the community are no longer
flowering (Cortés, 2010). In harsh environments, pollinator activity
often decreases towards the end of the blooming season (Arroyo et al.,
1985; Totland, 1994). Third, individual plants have large floral dis-
plays; although this trait can attract more pollinators (e.g., Galloway
et al., 2002), insects visiting plants with large floral displays are more
likely to probe more flowers in sequence, but ultimately probe only a
small proportion of the available flowers (Mitchell et al., 2004). Seed
production in this species could also be restricted by sexual interference
of self-pollen deposited by pollinators because its brush-type flower
(characteristic of Myrtaceae) may facilitate self-pollination (Webb and
Lloyd, 1986). Moreover, although fully developed flowers are herko-
gamous (i.e., the stigma is longer than the stamens), the distance be-
tween anthers and stigma is small in relation to pollinator movements,
which leads to frequent contact between them in an unordered se-
quence (i.e., unordered herkogamy) (Webb and Lloyd, 1986). As a re-
sult, only dichogamy can restrict facilitated self-pollination, particu-
larly if the stigma is receptive before pollen is shed from the anthers
(i.e., protogyny) (Lloyd and Webb, 1986). In light of all this, in this
study we address two specific questions: 1) Is M. coquimbensis able to

reproduce by modes other than outcrossing? and 2) is the sexual
function within a flower segregated during its lifespan?

2. Materials and methods

2.1. Study species

Myrcianthes coquimbensis (Barnéoud) Landrum and Grifo is an
evergreen shrub narrowly distributed along a coastal fringe of< 100
km2 in the Atacama Desert (García-Guzman et al., 2012). This species
has hermaphrodite flowers that have one pistil surrounded by over fifty
stamens. The ovary has two locules, each of which contains five to
eleven ovules (Landrum and Grifo, 1988; Arancio et al., 2001). In
contrast to co-occurring shrubs, flowers of M. coquimbensis are pre-
sented in large displays (> 100 flowers per shrub). The flowering
season extends from October until February and peaks in November.
During this period, flowers are visited by 17 species of insects (Cortés,
2010). Fruits are fleshy berries that develop over eight months and that
typically contain a single, recalcitrant seed (Loayza et al., 2015). M.
coquimbensis is classified as endangered due to habitat loss by urbani-
zation (MINSEGPRES, 2008; García-Guzman et al., 2012).

2.2. Study sites

We conducted this study in two localities within the distribution
range of M. coquimbensis separated by approximately 50 km: Totoralillo
(30°04′S - 71°22′ W) and Juan Soldado (29°39′S - 71°18′W). In
Totoralillo, M. coquimbensis grows up to 500 m inland from the coast-
line and is associated to rocks; in Juan Soldado, this species also grows
associated to rocks, but within a ravine that extends five kilometers
inland from the coastline. Mean annual temperatures in both sites range
between 15±0.5 °C and 14±0.4 °C, and mean accumulated annual
precipitation is 78±45 mm and 57± 56 mm for Totoralillo and Juan
Soldado, respectively (16 year means (CEAZAMET, 2019)). However,
because M. coquimbensis blooms at the end of the spring and during the
summer months, there is no rainfall during the flowering season.

2.3. Reproductive modes

We experimentally assessed the modes of reproduction of M. co-
quimbensis using standard protocols (Kearns and Inouye, 1993) during
two flowering seasons: in December 2012 in Totoralillo (hereafter To-
toralillo) and in Juan Soldado during January 2015 (hereafter Juan
Soldado). On each occasion, we performed five floral treatments. First,
to determine natural pollination levels, we randomly selected and
marked buds and designated them as control flowers (C). Second, to
determine outcrossing (O), we emasculated developing flowers (stage
[2], see next section), hand pollinated them with pollen from plants at
least 10 m away and then excluded each individual flower with a mesh
bag (mesh size 0.3 mm). Third, to test for self-compatibility (S), we
followed the same procedure described above, but pollinated flowers
with pollen from the same plant. Fourth, to determine whether plants
were able to autonomously self-pollinate (i.e., autogamy; AS), we ex-
cluded individual buds with mesh bags before they opened. Finally, to
test for the ability to produce embryos without pollen (agamospermy;
A), we emasculated individual flowers at the bud stage and then ex-
cluded them with mesh bags. Because we found evidence of agamos-
permy in Totoralillo during the 2012 flowering season, we added a new
experimental treatment during the 2015 season in Juan Soldado, which
consisted of carefully emasculating the flower at the bud stage, re-
moving its style and excluding the bud with a mesh bag. Style removal,
prevents casual arrival of pollen to the stigma; thus, seed development
from this treatment would constitute additional evidence of autono-
mous agamospermy (AA; i.e., the ability to produce embryos and en-
dosperm without pollen). Each flower treatment was applied to one
flower within a single plant (N = 52 Totoralillo, N = 61 Juan Soldado,
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plants).
We first monitored flowers between four and six weeks after con-

ducting the experimental procedures (i.e., in January 2013 in
Totoralillo and in February 2015 in Juan Soldado); during this mon-
itoring period we considered dead flowers (Fig. 1E, dried ovary) as
evidence of reproductive failure and developing fruits (Fig. 1F, green
and swollen ovary) as evidence of reproductive success. We considered
developing fruits, instead of ripe fruits, as a more accurate indicator of
reproductive success, because throughout their development (which
expands for ca. 8 months) a high percentage of fruits abort, particularly
in dry years (Peña, 2016); therefore, many fruits in their initial stage
abort due to water shortage. Furthermore, given that partenocarpy (i.e.,
fruit production without seeds) has never been observed in this species,
nor reported in other Neotropical Myrtaceae (Picarella and Mazzucato,
2019), it is unlikely that developing fruits are simply the result of ovary
enlargement.

Developing fruits recorded during the first census were kept within
mesh bags and monitored a second time in June 2013 in Totoralillo,
and in June 2015 in Juan Soldado to determine the probability of fruit
maturation (Fig. 1F) and the number of seeds per fruit. Finally, the
percentage of aborted fruits was calculated for all treatments as the
difference between the percentage of ripe and developing fruits in re-
lation to the percentage of developing fruits.

To determine levels of self-compatibility and autogamy in M. co-
quimbensis, we calculated indices of self-compatibility (ISI) and auto-
gamy (IAS), respectively (modified from Ruiz Zapata and Arroyo,
1978). The ISI index was calculated using developing fruits (ISIfruits)
and the number of seeds (ISIseeds) per fruit as: ISI = fS/fO, where fS and
fO are the percentage of fruits or the number of seeds per fruit formed
by selfing and outcrossing, respectively. The IAS index was calculated
using developing (IASDfruits) and ripe (IASRfruits) fruits as: IAS = fAS/fS,
where fAS and fS are the percentage of developing or ripe fruits formed
by autogamy and selfing, respectively. Both indices range from 0 to 1:
ISI values close to 1 indicate self-compatibility, values ranging between
0.2 and 1 indicate incomplete self-compatibility, and values between 0
and 0.2 indicate self-incompatibility; in turn, an IAS value of 1 re-
presents a fully autogamous plant, whereas values greater than 0 in-
dicate partial autogamy (Ruiz Zapata and Arroyo, 1978).

2.4. Timing of the sexual functions within a flower

To determine whether sexual functions in M. coquimbensis are
temporally segregated (dichogamy), we examined stigma receptivity
and pollen viability at different times during a flower’s lifespan. We
calculated on which days to manually pollinate emasculated buds or
flowers, by first determining the duration of each stage. In December
2012, we defined four floral stages based on the development of the

pistil, stamens and petals (Fig. 1A – D): buds [0]; developing flowers
with partially elongated petals and stamens, but closed anthers [1];
open flowers with a fully elongated pistil and petals, and dehiscent
anthers [2]; flowers without petals and stamens [3]. We then marked a
single branch in each of 25 plants and daily monitored the transition of
all flowers from stage [0] to stage [3].

2.4.1. Stigma receptivity
We determined whether stigmas were receptive via manual polli-

nation of flowers in stages [0] through [3]. In December 2013, we se-
lected 15 plants in Totoralillo and marked, emasculated and bagged
four buds per plant. On the first day, we selected one of these emas-
culated buds (stage [0]) and pollinated it with pollen from two to three
plants located at a distance of at least 10 m; following pollination, the
bud was immediately bagged. We repeated this procedure on the fol-
lowing days with each of the remaining emasculated buds as they
successively entered the following floral stage (i.e., [1] to [3]), which
was calculated based on the previously determined floral schedule.
Once they were manually pollinated, bud/flowers remained bagged for
two days and then collected and stored in a formaldehyde, acetic acid
and ethanol solution (FAA) (Dafni, 1992). To determine whether
stigmas from collected buds/flowers were receptive at the time of
manual pollination, their pistils were digested overnight in an 8 N so-
lution of NaOH at room temperature, rinsed three times with distillated
water and dyed with 0.2 % aniline blue diammonium salt (SIGMA)
diluted in a 0.1 M phosphate buffer (Dafni, 1992; Shivanna and Tandon,
2014). Finally, dyed pistils were mounted and observed under a
fluorescence microscope (Leica DM2500) with an ultraviolet filter
(excitation: 320−380 nm, emission: 425 nm) and the number of ger-
minated pollen grains (i.e., those with pollen tubes attached; hereafter
pollen tubes) on each stigma was counted.

2.4.2. Pollen viability
To determine whether the percent of viable pollen varied during the

days when anthers were dehiscent (stage [2]), in December 2013 we
selected 17 plants in Totoralillo and marked and bagged three buds
(stage [0]) per plant. On the day anthers started to deshice, we began
collecting a few stamens from each flower and deposited a sample of
their pollen in Eppendorf tubes filled with 1 ml of 2,3,5-trifenil-2H-
tetrazolium chloride (Tetrazolium hereafter), which dyes red the pol-
len’s cytoplasm in the presence of dehydrogenase enzymes (Vieitez,
1952). After stamens were collected, flowers were once again bagged
and the procedure was repeated daily until anthers had released all
their pollen (typically occurring by the fourth day). Pollen samples
were transported in a warm case (40 °C) to the laboratory for analysis.
In the laboratory, samples were re-suspended and a drop of each sus-
pension was deposited on a slide. Then, we recorded the total number

Fig. 1. Phenological stages of Myrcianthes co-
quimbensis. Flower stages: A) buds [stage 0], B)
developing flower [stage 1], C) full open
flower [stage 2], D) mature flower [stage 3], E)
non-pollinated (dead) flower. Fruit stages: F)
developing fruit, G) green fruits, and H) ripe
fruits. Stage numbers, used for floral treat-
ments, are indicated within square brackets.
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article).
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of pollen grains, as well as the number of dyed (i.e., viable) grains per
sample using a light microscope (100X magnification). We observed
five drops per sample, summed the counts and calculated the propor-
tion of viable grains.

2.5. Statistical analyses

To assess 1) the effects of the flower treatments on fruit and seed
formation and 2) differences in stigma receptivity among floral stages,
we fitted generalized linear mixed models (GLMMs) (Bolker et al.,
2009). For these analyses, floral treatments and floral stages were used
as fixed factors and individual plants as the random factor. We used
binomial error distributions and logit link functions for the fruit and
seed formation response variables (success and failure) and a negative
binomial error distribution with a log link function for counts of pollen
tubes. To determine if the ISI and IAS indices were statistically different
from 1, we used the respective comparisons between treatments (O v/s
S and S v/s AS) from the GLMM’s post hoc test (see below). Daily
variation in the percent of viable pollen was examined by fitting a
general linear model where sampling day was used as the fixed factor,
and the percent data was square root arcsine transformed before the
analysis.

The statistical inference used for the fixed factors was a Likelihood
ratio test (LRT, χ2) with single term deletions in the pairwise compar-
isons. To assess the significance of the random factor (i.e., each in-
dividual plant), we used the corrected Akaike's Information Criteria
(AICc) to compare the full model (with the random variable) with a
reduced model in which the random variable was removed. The
random factor was considered relevant when the full model had a lower
AICc than the reduced model and ΔAICc> 2 (Burnham and Anderson,
2002). Multiple comparisons among levels of each fixed factor were
assessed with Tukey post hoc tests. Statistical analyses were performed
using the R statistical environment (Crawley, 2012; R Development
Core Team, 2016).

3. Results

3.1. Reproductive modes

Developing M. coquimbensis fruits were formed by all modes of re-
production assessed, including autonomous selfing and agamospermy.
However, in both localities the number of developing fruits produced
differed among reproductive modes and individual plants (Table 1). In
almost all cases, the best fit models, where those that considered the

random factor (i.e., the individual plant) (Table 1). The only exception
was for seed production in Juan Soldado, in which case the two models
(full and reduced) were equally parsimonious (ΔAICc<2). In both
localities, control flowers (i.e., those naturally pollinated; Fig. 2) pro-
duced the highest number of developing fruits. When ripe, all experi-
mental fruits contained only one seed; therefore, the percentage of ripe
fruits is equivalent to the percentage of seeds formed. In Totoralillo, the
highest percentage of seed production was via outcrossing, but it did
not differ significantly from the percentage of seeds produced by con-
trol, self-compatible and autogamous treatments; less than 10 % of the
flowers produced seeds via agamospermy. In Juan Soldado, only out-
crossed and control flowers ultimately produced seeds, with a higher
percentage of seed production resulting from the former (Fig. 2). Fruits
formed by outcrossing had the lowest probability of abortion in both
sites (Table 2).

The ISIfruits differed between study sites: in Totoralillo an ISIfruits =
0.9 coupled with non-significant differences in fruit production be-
tween the self-compatible and outcross treatments, reveals complete
self-compatibility; in contrast, in Juan Soldado an ISIfruits = 0.7 coupled
with significant differences between the self-compatible and outcross
treatments, indicates only partial self-compatibility. In Totoralillo,
ISIseeds = 0.6 and was coupled with non-significant differences between
the self-compatible and outcross treatments. The IASDfruits was equal to
0.9 in both sites and, coupled with non-significant differences between
the self-compatible and autogamous treatments, indicates that selfing

Table 1
Results from the generalized mixed models examining the effects of flower
treatments on the percentage of developing fruits and seeds. The effect of the
random variable (the individual plant) was examined by comparing the full
model (with the random variable) to the reduced model (without the random
variable) using differences in Akaike's Information Criteria. Values of
ΔAICc>2 indicate a significant effect of the variance between plants.
Subscripts in parentheses indicate the degrees of freedom.

Fixed factor Random factor

Floral treatments Individual plant

Response
variable

χ2 P AICc Reduced
model

AICc Full
model

ΔAICc

Developing
fruits

Totoralillo (4) 11.8 0.01 (5) = 357.6 (6) = 351.8 5.7
Juan Soldado (5) 65.2 < 0.001 (6) = 466.1 (7) = 440.9 25.1
Seeds
Totoralillo (4) 12.92 0.01 (5) = 254.4 (6) = 241.9 12.5
Juan Soldado (1) 2.3 0.128 (2) = 110.8 (3) = 112.6 1.8

Fig. 2. Percentages of developing fruits (A) and seeds (B) (equivalent to ripe
fruit formation) of Myrcianthes coquimbensis, formed by each mode of re-
production in Totoralillo and Juan Soldado. Percentages are relative to the total
number of flowers per treatment (Totoralillo: 52; Juan Soldado: 60). Modes of
reproduction: Control (C), outcrossing (O), selfing (S), autogamy (AS), aga-
mospermy (A), and autonomous agamospermy (AA). Different lowercase letters
show significant differences among treatments within a site (P<0.05).
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can be carried out autonomously within a flower. The IASRfruits had
value of 0.8 and was also coupled with non-significant differences be-
tween the self-compatible and autogamous treatments.

3.2. Timing of the sexual functions within a flower

The flowers of M. coquimbensis had a mean lifespan of 9.3± 3 s.d.
days (N = 167; from the day a bud opened until the beginning of stage
[4], when no stamens or petals remained. The majority of the anthers
started to release pollen around the third day (stage [2]) and lasted
until approximately the sixth day (Table 3).

The mean number of pollen tubes present per stigma (Fig. 3A) dif-
fered among flower stages and was better explained by the model that
included the random factor (Table 3). Stigmas in the bud [0] and de-
veloping flower [1] stages had a very low number of pollen tubes; these
increased in stage [2] and reached their maximum in stage [3]
(Fig. 4B). The percent of viable pollen (Fig. 3B) also differed among
days (Table 4); in general, pollen viability decreased as the days pro-
gressed, from a mean of 90 % of viable pollen on the first day to 24 %
on the fourth day (Fig. 4B). These results reveal that during stage [2],
which lasted approximately four days (Table 3), there is a temporal
coincidence of the sexual functions within a flower. Nonetheless, pistil
receptivity significantly increased once pollen viability began to decline
(stage [2]) and disappear from anthers (stage [3]).

4. Discussion

Here we show that M. coquimbensis produces fruits and seeds by
multiple modes of reproduction, including modes that not require
pollinators; seeds, however, are produced mainly by outcrossing. We
also observed a partial segregation of sexual functions within the
flower, with the peak of pollen viability (male phase) occurring before
the peak of stigma receptivity (female phase).

The high ISIfruits values reported here are comparable to those re-
ported in other Neotropical Myrtaceae (Lughadha and Proenca, 1996;
Arroyo and Humaña, 1999); likewise, ISIseeds values were similar to
those of Eugenia uniciflora (ISI = 0.4) and E. punicifolia (ISI = 0.6), a
genus closely related to Myrcianthes (da Silva and Pinheiro, 2009).
Values of the IAS index suggest that M. coquimbensis can produce seeds

via autonomous selfing and are similar to those of the Eugenia species
mentioned above (Proença and Gibbs, 1994; da Silva and Pinheiro,
2009). We caution, however, to interpret with care the autogamy ca-
pacity of M. coquimbensis given by the IAS index (AS/S) because it may
have been overestimated. This is because manual pollinations were
conducted when stigma receptivity was not at its peak. Thus, fruit and
seed production by manual selfing may have been under estimated,
leading in turn to an overestimation of the IAS index.

Evidence of autonomous selfing inM. coquimbensis suggests that this
species may ensure reproduction when outcross pollination fails;
however, three conditions must be met for this to occur (Lloyd, 1992).
First, selfing should boost seed production when outcrossing fails (i.e.,
reproductive assurance) (Eckert and Herlihy, 2004). In this study, we
were unable to estimate values of reproductive assurance (RA) because
it is necessary to compare fruit or seed production from emasculated
open flowers (which lack the capacity to autonomously self) to open
flowers (Eckert et al., 2006, 2010). For M. coquimbensis, however, this
method can lead to a biased estimation of RA because removing large
quantities of stamens from the flowers strongly reduces their attrac-
tiveness to pollinators (especially those looking for pollen) (Eckert
et al., 2010). Nonetheless, we can approximate a value of RA by com-
paring seed production by autonomous selfing to seed production in
control flowers. In Totoralillo, the difference in seed production be-
tween these two treatments was only 8 % (being lower for autono-
mously selfed flowers). This suggests that autogamy may indeed boost
seed production in a scenario where pollinators are absent.

Second, progeny resulting from autogamy should have no or low
inbreeding depression (ID) (Kalisz et al., 2004). Although we did not
formally assess ID in this study, abortion of all the developing fruits
produced by both selfing treatments in Juan Soldado, and a lower
percentage (∼20 %) of aborted fruits resulting from outcrossing in
comparison to selfing and natural pollination in Totoralillo, suggest that
ID in M. coquimbensis may express itself during the seed development
stage. There are few reports of early-acting ID in Myrtaceae (Pound
et al., 2003; Gonzalez-Varo and Traveset, 2010), however, some studies
suggest ID as a factor in the significant reduction of fruit and seed set in
this family (Kennington and James, 1997; Yates et al., 2007), which
may partially result from the abortion of selfed fruits. Because angios-
perms invest maternal resources into seed development following fer-
tilization (Obeso, 2002), and M. coquimbensis inhabits an extremely
water- and nutrient-poor environment, it is also possible that ID is ex-
pressed as outcross embryos having a higher competitive ability for the
limited resources compared to self-produced ones (Korbecka et al.,
2002).

The third condition for RA by autonomous selfing is that it must
occur when outcrossing is no longer possible (i.e., delayed selfing)
(Kalisz et al., 1999), thus preventing ovule discounting (Lloyd and
Schoen, 1992). For M. coquimbensis, we suspect that self-pollination
may occur during stage [1] (Fig. 1B and C), when some dehiscent an-
thers have contact with the slightly receptive stigma, and before all
stamens are extended and anthers dehiscent. During stage [2] (when
pollen is abundant), anther contact with the stigma is unlikely because
of herkogamy and the probability of contact decreases even more in
later stages because “old” stamens fall away from the pistil. Therefore,
autonomous selfing likely occurs prior to, or at most, parallel with,
outcrossing (i.e., prior and competing selfing, respectively), and not
after this period. Moreover, for delayed autonomous selfing to occur,
flowers should exhibit incomplete protogyny (Goodwillie and Weber,
2018). Nonetheless, considering jointly levels of pollen viability and
stigma receptivity, the pattern of sexual functions within M. co-
quimbensis’ flowers indicate incomplete protandry, which is the
common form of dichogamy in the Myrtoideae subfamily (Lughadha
and Proenca, 1996). Consequently, unless outcross pollen has higher
growth rates than self-pollen in the style (i.e., pollen prepotency) (Lloyd
and Schoen, 1992), in M. coquimbensis autonomous selfing probably
results in ovule discounting (i.e., unavailable for cross‐fertilization). In

Table 2
Percentage of abortions of developing fruits recorded from each of the re-
productive modes assessed in both localities.

Fruit abortion (%)

Reproductive mode Totoralillo Juan Soldado

Control 67 84.3
Outcrossing 47 66
Selfing 66 100
Autogamy 68 100
Agamospermy 82 100
Autonomous agamospermy – 100

Table 3
Mean± standard deviation (std) of flower life span (days) and estimated day of
occurrence (from anthesis) of each flower stage of Myrcianthes coquimbensis (N
= 167 flowers).

Floral stages flower life span (days) Day of occurrence

mean ± std.

0 – – 1
1 1.5 0.9 1
2 3.7 1.4 3
3 4.0 2.4 7
4 – – 11
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summary, even though autonomous selfing in this species may boost
seed production, the costs imposed by this reproductive mode (ID and
ovule discounting) suggest it does not ensure reproduction when out-
cross pollination fails.

Our results suggest that facilitated selfing (Lloyd and Schoen, 1992)
is an inevitable mode of selfing in M. coquimbensis. This is because in-
complete protandry is unlikely to prevent pollinators from self-polli-
nating flowers (Lloyd and Webb, 1986). Facilitative selfing can nega-
tively impact seed production via ovule discounting and sexual
interference (Owen et al., 2007). The incidence and intensity of ovule
discounting due to facilitated selfing may be low if pollinators deposit a
mix of outcross and self-pollen on the stigmas (Wilcock and Neiland,
2002). In this scenario, having multiple ovules within a flower, such as
the case ofM. coquimbensis (Landrum and Grifo, 1988), can increase the
chances of outcross fecundation (Rosenheim et al., 2016). Because this
species is self-compatible, sexual interference can occur when pollina-
tors deposit low viability pollen grains (Wilcock and Neiland, 2002),
which can occur on the final days of stage [2]. Sexual interference can
also occur if viable self-pollen is deposited on self-incompatible plants
(Galen et al., 1989). This scenario may occur in the Juan Soldado po-
pulation where plants had the highest self-incompatibility levels. In
either case, sexual interference can result in a clogged stigma, and ul-
timately in the “loss” of a flower that would otherwise be available for
outcross pollination (Barrett, 2002).

The formation of fruits and seeds by autonomous agamospermy was
an unexpected result in this study. In Myrtaceae, agamospermy has
been reported in Syzygium jambos and S. cumini (Lughadha and Proenca,
1996) and in the genus Callistemon (Hojsgaard et al., 2014), however, in
all these species, seeds were formed by adventitious embryony, a type
of agamospermy that requires pollination (selfing or outcrossing) to
form a sexual embryo, which develops in parallel to an asexual embryo
(from somatic cells) (Whitton et al., 2008; but see Mangla et al., 2015).
Hojsgaard et al. (2014) reported gametophytic agamospermy by
apospory for the Syzygium species mentioned above, but no details are
given on whether it is autonomous or pseudogamous (i.e., when pollen
is needed to form the endosperm). In our study, 36 % of the flowers
with their style removed produced developing fruits, thus we discard
the possibility of accidental pollination of bagged flowers. To our
knowledge, this is the first study to provide empirical evidence of seed
formation from autonomous agamospermy in Myrtaceae.

Reproductive assurance provided by agamospermy is not necessa-
rily analogous to RA provided by selfing, because autonomous aga-
mospermy can occur in parallel with outcrossing at three different
scales: 1) at the population level, with populations composed only by
outcrossed or by obligate agamospermic individuals (Bierzychudek,
1990; Mráz et al., 2019); 2) at the individual level (within population),
with plants being agamospermic or outcrossed (Mangla et al., 2015); 3)
within individuals, with flowers capable of reproducing by agamos-
permy and outcrossing (Whitton et al., 2008). In our study, we observed
agamospermy alongside other reproductive modes within individuals,

Fig. 3. (A) Fluorescent germinated pollen with
pollen tubes attached (indicated by the arrow),
observed on the stigma of a flower of
Myrcianthes coquimbensis (100X). (B) Viable
(red) and non-viable pollen of M. coquimbensis
(100X) (indicated by arrows). (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web ver-
sion of this article).

Fig. 4. A) Number of pollen tubes observed in the stigma of flowers at different
stages. B) Percentage of viable pollen observed throughout a stamens’ life span
[stage 2] in a flower of Myrcianthes coquimbensis. There were significant dif-
ferences in the number of pollen tubes among all the stages, and also in pollen
viability for all days considered (P< 0.05).
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however, the four plants that produced seeds by agamospermy, did so
only via this reproductive mode (i.e., agamospermy at the individual
level; see Table A.1 in the Appendix). Therefore, if sexual plants fail to
reproduce due pollinator scarcity, obligate and/or agamospermy fa-
cultative plants may boost seed production (Mangla et al., 2015). Fi-
nally, although agamospermy may provide RA in M. coquimbensis, fruit
abortion was 35 % higher in fruits resulting from agamospermy relative
to those resulting from outcrossing (Table 2). Abortion of agamos-
permic fruits and seeds may result from the expression of deleterious
mutations (Hojsgaard and Hörandl, 2015; Hodac et al., 2019). How-
ever, in agamospermy facultative species, such as M. coquimbensis, the
mutation load should be low because mutations are purged during the
development of the gametophyte (pre-fecundation) (Hodac et al.,
2019). Fruit abortions in our system likely result from resource lim-
itation because approximately a half of the plants that aborted devel-
oping fruits from A and AA treatments, also aborted the developing
fruits resulting from outcrossing (Totoralillo: 39 % A; Juan Soldado: 47
% A, 50 % AA; see Tables A.1 and A.2 in the Appendix).

5. Conclusions

In this study we provide empirical evidence thatM. coquimbensis can
reproduce via at least three reproductive modes. Selfing is almost un-
avoidable in this species, and very likely interferes with outcrossing.
Coupled with possible early inbreeding depression, selfing probably
results in a cost for seed production. Our results suppose a vulnerability
of this endangered species in scenarios where pollinators are scarce.
However, agamospermy may provide an alternative route of seed pro-
duction in these scenarios, but given that seed production by this re-
productive mode was observed only in one site and in low frequency,
further studies should explore its incidence along M. coquimbensis dis-
tribution range and the fitness of the resulting seeds.
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