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Abstract

Loeselia mexicana (Polemoniaceae) is a Mexican shrub with significant medicinal value
since pre-Hispanic times. Despite its ethnobotanical importance and apparent role in
supporting pollinator communities, detailed information about its reproductive biology
remains limited, hindering conservation efforts for this increasingly harvested species.
We investigated the reproductive ecology of L. mexicana across two flowering seasons
(2023-2024 and 2024-2025) in central Mexico through an integrated approach examining
flowering phenology, floral morphology, sexual maturation sequence, nectar characteristics,
floral visitors, and breeding system experiments. Flowering occurs from September to
March, peaking in October. Flowers exhibit protandry, with anther dehiscence on days 1-2
and stigma receptivity from day 2 onward (flower lifespan: 2.85 £ 0.11 days). Maximum
nectar production (1.46 £ 0.05 uL per flower; 193.13 & 8.8 mg/mL) coincided with peak
visitor activity. Despite possessing classic ornithophilous traits, we recorded 21 floral
visitor species (5 hummingbirds, 3 hymenopterans, 13 butterflies) with similar visitation
patterns, challenging previous assumptions about pollination specialization. Controlled
pollination experiments confirmed self-incompatibility, with cross-pollination producing
significantly more seeds than autonomous selfing. Our findings reveal that L. mexicana
maintains a generalized pollination system, while protandry and self-incompatibility
enforce outcrossing, providing critical baseline information for conservation strategies.

Keywords: breeding system; floral biology; hummingbirds; medicinal plant; nectar
production; plant-pollinator interactions; protandry

1. Introduction

Plant reproductive biology involves complex interactions among multiple phenolog-
ical, morphological, and ecological factors that together determine reproductive success
and population persistence [1,2]. The temporal coordination of flowering, sexual matu-
ration, and reward production with pollinator activity represents a critical dimension of
plant reproductive strategies that has evolved through selective pressures [3,4]. For plants
with both ecological and ethnobotanical significance, understanding these reproductive
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mechanisms becomes particularly important, as they can directly influence conservation
status and management approaches [5,6]. The Polemoniaceae family exhibits diverse floral
morphologies and pollination systems, with most species pollinated by insects, while some
genera such as Loeselia reportedly show adaptations for hummingbird pollination [7,8].
This is especially relevant for medicinal plants that face harvesting pressure while si-
multaneously serving as keystone resources for pollinator communities in their native
ecosystems [9,10]. Within the genus Loeselia, distributed from southwestern United States
through Central America to Venezuela [11], detailed reproductive biology studies remain
scarce. While several congeners (e.g., L. glandulosa, L. grandiflora, L. spectabilis) share similar
tubular, red corolla morphology suggesting potential hummingbird pollination, empirical
pollination studies are lacking for most species.

Loeselia mexicana (Lam.) stands out among the 17 described Loeselia species for its
ethnobotanical importance and ecological role [11,12]. Known locally as “espinosilla” and
in Nahuatl as ‘huitzitzilxochitl’ (hummingbird plant), it has been valued for medicinal pur-
poses in Mexico since pre-Hispanic times. Traditional uses involve aerial parts (leaves and
stems) for treating anxiety disorders and neurological conditions [13,14], gastrointestinal
ailments including diarrhea [15,16], respiratory conditions, skin diseases, and renal inflam-
mation [17-19]. The plant also has documented antifungal properties [20] and substantial
commercial potential [21]. This extensive medicinal importance appears unmatched among
its congeners. Beyond its medicinal value, L. mexicana appears to play a crucial ecological
role through plant—pollinator interactions across its range in Mexico. Several studies have
highlighted its importance for hummingbird communities [22-25], establishing an apparent
consensus that hummingbirds are the primary pollinators. Despite its dual importance as
a medicinal plant under harvesting pressure and as a keystone resource for pollinators,
comprehensive knowledge of its reproductive biology remains surprisingly limited—a
critical gap given that pollinator-dependent species require healthy pollinator communities
for population persistence [26,27].

Previous research has offered only fragmented insights into L. mexicana’s reproductive
biology. Plitmann and Levin [28] examined pollen-ovule ratios suggesting outbreeding,
while Plitmann [29] found pollen tube growth patterns in herbarium specimens consistent
with self-incompatibility mechanisms. However, these studies were based on limited sam-
ples without controlled pollination experiments or field observations necessary to confirm
the breeding system. Sexual maturation timing, dichogamy, nectar dynamics, and floral
visitor documentation—all critical for reproductive success—remain undocumented for
this species. Precise determination of floral longevity and sexual maturation sequences
is essential for understanding reproductive strategies, as these temporal patterns directly
influence the effectiveness of plant—pollinator interactions and the potential for self- ver-
sus cross-pollination [30,31]. This comprehensive perspective is particularly valuable for
species like L. mexicana that may depend on specific pollinators while facing anthropogenic
pressures, potentially revealing specialized adaptations or unexpected functional redun-
dancies in pollination systems [32-34] and inform more effective conservation strategies
for plants with multiple values [6].

The present study aims to provide the first comprehensive examination of the repro-
ductive biology of L. mexicana in natural populations from central Mexico. Our objectives
were to: (1) describe the flowering phenology and identify peak flowering periods; (2) char-
acterize floral morphology, longevity, and sexual maturation timing; (3) quantify nectar
production patterns and sugar concentration throughout the day; (4) identify all floral visi-
tors and analyze their visitation patterns; and (5) determine the breeding system through
experimental manipulations. Based on the ornithophilous floral morphology and existing
literature highlighting its importance for hummingbird communities, we hypothesized
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that hummingbirds would be the primary pollinators of L. mexicana, showing higher visi-
tation rates and more consistent presence throughout the flowering period compared to
other visitor groups. Additionally, we expected to find evidence of adaptations promoting
outcrossing (reproduction through cross-pollination between different individuals), such
as dichogamy (temporal separation of male and female phases, including protandry) or
self-incompatibility, given previous suggestions in the literature.

2. Materials and Methods
2.1. Study Site and Species

This study was conducted over two flowering seasons: from September 2023 to March
2024 (first season), and from September 2024 to February 2025 (second season), along
a disturbance gradient in an area where the natural temperate forest habitat has under-
gone modifications over the years. This gradient reflects the natural habitat preferences
of L. mexicana, which characteristically inhabits secondary vegetation derived from oak
forests, pine forests, xerophytic shrublands, and tropical deciduous forests, allowing us
to study its reproductive ecology across representative environments where the species
naturally occurs. The study area covered approximately 50 hectares in the municipality of
Ixtacuixtla, Tlaxcala, Mexico, located 14.1 km west of Tlaxcala City (19°19'6"-19°22'30" N,
98°20'64"/-98°23/40"” W) at elevations ranging from 2200 to 2500 m. a.s.l. The climate of the
area is considered temperate sub-humid, with rains primarily from May to September, and
the warmest months being March to May. The average annual precipitation ranges between
800-1000 mm. The original vegetation in the study sites was mainly comprising Juniperus
deppeana and Quercus spp. forests, of which some remnants are still preserved. However,
much of this vegetation has been replaced by Eucalyptus and/or modified to create areas
of induced grasslands and seasonal agricultural areas with scattered trees around them.
In all these environments, patches of Loeselia mexicana plants were present. This partially
lignified shrub, one of 17 Loeselia species endemic to Mexico, produces red to pink tubular
flowers approximately 1 cm long with exserted reproductive structures [8,19]. The species
typically forms dense patches in disturbed areas and forest edges, with flowering typically
beginning in September according to preliminary observations from previous years.

2.2. Flowering Phenology

Phenological monitoring was carried out during the first flowering season from
September 2023 to March 2024, when preliminary observations suggested the beginning of
flowering. In the vegetation zones mentioned, a total of 34 individual plants were marked
and monitored biweekly (twice per month) until the end of flowering. In each monitoring
event, the number of flowers per plant was quantified.

2.3. Floral Longevity and Morphology

To determine floral longevity, 48 flower buds prior to opening (from at least 20 plants)
were selected in September 2023 (first flowering season). These buds were marked and
excluded with tulle bags, and daily observations were made to record the lifespan of the
flower until wilting or falling. In these same flowers, anther dehiscence was determined
through daily direct observations using a magnifying glass to establish whether the anthers
were open (i.e., whether the tissues composing the anther had separated or were dehiscent,
allowing the release of pollen).

The progression of sexual maturation and evidence of protandry was documented dur-
ing these same observations by recording the timing of: (1) anther dehiscence, (2) filament
elongation, (3) pistil elongation, and (4) stigmatic receptivity. This sequential monitoring
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allowed us to determine the temporal separation between male and female phases in the
development of individual flowers.

Floral morphology was characterized from a sample of 60 fresh flowers collected from
at least 30 plants in November 2024 during the second flowering season, where variables
such as width and total length of the corolla, filament length (measured from corolla tube
insertion to anther base) and pistil length (measured from the distal part of the ovary to
stigma tip) were recorded to assess reproductive organ positioning relative to the corolla
tube. Measurements were performed with a digital caliper.

2.4. Stigmatic Receptivity

To determine stigma receptivity, a necessary measure to establish when flowers can be
pollinated, 30 flower buds were marked and bagged with tulle in February 2024 (first sea-
son). These buds were collected from 15 individual plants. Daily throughout the floral
lifespan, three different flowers (each on its respective day of anthesis) were sampled and
tested by applying a drop of hydrogen peroxide to the stigma. The bubbling reaction
indicated receptivity [35]. Each tested flower was sacrificed after evaluation, meaning that
on the first day, three first-day flowers were tested; on the second day, three second-day
flowers were tested; and so on. This procedure continued until positive bubbling reactions
were first observed, indicating the onset of stigmatic receptivity. Once receptivity was
confirmed (on day 2), the procedure was discontinued as the objective of determining when
stigmas become receptive had been achieved.

2.5. Nectar Measurements

To comprehensively characterize the patterns of nectar production and availability, we
used two methods. (1) Standing crop involves quantifying the amount of nectar available
to pollinators at a given time under natural conditions. Therefore, nectar production was
measured in a total of 90 flowers in November 2024 (second flowering season), which
were collected from 30 different individuals. Calibrated 5 pL microcapillaries were used
to collect the nectar, and its concentration in sucrose equivalents was quantified using a
portable refractometer (Atago, Tokyo, Japan) with a concentration range of 0-32° Brix. The
concentration was then converted to mg/mL using the sucrose calibration curve described
by Kearns and Inouye [35]. This sampling was conducted at three different times of day:
09:00 h (morning), 12:00 h (midday), and 15:00 h (afternoon). (2) The accumulated nectar
method allows measuring the actual nectar production capacity of the plant by excluding
visitors. Therefore, on 22 January 2025 (second flowering season), 37 bagged flowers were
evaluated for total nectar production after preventing pollinator visits by covering them
prior to opening. Just before the end of the flower’s lifespan, the volume and concentration
of nectar in these flowers were measured. The combined use of these methods allows
quantifying the intrinsic nectar secretion capacity and evaluating its effective availability
under natural foraging conditions, allowing characterization of the functional dynamics of
the plant-pollinator system.

2.6. Floral Visitors

During both flowering seasons (September 2023-March 2024 and September 2024—February
2025), floral visitors were identified through direct observations and/or with binocu-
lars (10 x 42 mm) on focal plants, in three time periods: 09:00-11:00, 11:00-13:00, and
13:00-15:00 h, in each sampling event. A sampling event consisted of one full day of
observations across all three time periods. A total of 10 sampling days were conducted
throughout the study period (5 days per flowering season), resulting in 60 h of observation
(10 days x 6 h per day). During the observations, the type of visitor (hummingbird or
insect), arrival time, and flowers visited were recorded. When it was not possible to identify



Ecologies 2025, 6,78

50f18

visitors in the field, in the case of insects, they were collected with entomological nets for
taxonomic determination of the species.

2.7. Breeding System

To determine the mechanism through which reproduction of this species occurs,
two pollination treatments were carried out under natural conditions during
January-February 2025 (second flowering season), which are detailed below:

Autogamy and/or self-compatibility: 37 flower buds about to open from at least
10 plants were marked. These buds were covered with tulle bags and did not receive any
manual pollination treatment, allowing for potential autonomous self-pollination.

Cross-pollination: A total of 37 flower buds about to open from a different set of at
least 10 plants were marked. Both plant sets were selected from the same disturbance
gradient areas to ensure comparable growing conditions and genetic backgrounds. These
buds were covered with tulle bags, and after the flower opened, the anthers were cut
(emasculated) to avoid the possibility of self-pollination. After this, the flower was bagged
again. On the second day of opening, when the flowers were already receptive, they were
uncovered again and manually pollinated using pollen from anthers collected from other
individuals. After this treatment, the flower was covered again.

For both treatments, reproductive success was evaluated through two parameters:
(1) the proportion of flowers that produced fruits (fruiting rate), and (2) the number of seeds
per fruit for all successfully formed fruits. This dual assessment allowed us to quantify
both fruit set success and seed production efficiency for each reproductive pathway.

2.8. Statistical Analyses

All statistical analyses were performed using R statistical software version 4.1.2 [36]
with a significance level of « = 0.05. The variation throughout the flowering period in the
number of open flowers in the marked plants was evaluated using a linear mixed model
(LMM) with the “Ime4” package (v.1.1-27) [37], with sampling time (biweekly) as a fixed
effect and individual plant as a random effect. Descriptive statistics (mean and standard
error) were applied for floral morphology, longevity, dehiscence, receptivity, total nectar
production, and sugar concentration values.

Differences between schedules in the volumes and concentrations of nectar measured
by standing crop were evaluated through a linear model using the Im() function. Model
assumptions of normality and homoscedasticity were verified through graphical analysis
of residuals.

To analyze the arrival time patterns of different floral visitor groups (hummingbirds,
bees, and butterflies), Kaplan-Meier survival analysis was performed using the “survival”
package (v.3.2-13) [38], and the Mantel-Cox test was used to determine if significant
differences existed between the temporal visitation patterns. Arrival times represent the
elapsed time from the start of each observation period (time zero) until the first pollinator
visit occurred to each flower. As the observation period progresses, remaining unvisited
flowers have progressively shorter potential arrival times. This approach allowed us to
assess whether different pollinator guilds exhibited temporal segregation in resource use
or similar foraging patterns throughout the observation periods.

To compare visitation patterns among different floral visitor groups, we analyzed the
number of flowers visited per individual visitor using a linear model with the Im() function,
with visitor type (hummingbirds, bees, and butterflies) as the fixed factor. We also evaluated
temporal variation in visitation intensity by comparing the number of visits recorded
during three daily observation periods (morning: 09:00-11:00 h, midday: 11:00-13:00 h, and
afternoon: 13:00-15:00 h) using a linear model. When significant differences were detected,
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post hoc Tukey’s tests were performed using the “multcomp” package (v.1.4-17) [39] to
identify which specific time periods differed significantly. These analyses determined
whether there were preferences among different pollinator guilds and whether visitation
patterns aligned with nectar production dynamics throughout the day.

To determine the breeding system of L. mexicana, we compared reproductive success
between the two pollination treatments (autonomous self-pollination and cross-pollination)
using two parameters. First, the proportion of flowers that successfully produced fruits
in each treatment was analyzed using Fisher’s exact test to assess whether fruiting rates
were independent of pollination treatment. Second, for those flowers that successfully
developed into fruits, we compared the number of seeds per fruit among treatments. We
included a control group of 28 fruits from open pollination to provide ecological context.
As data did not meet the assumptions of normality, we used a Kruskal-Wallis test for the
overall comparison of the three treatments, followed by Dunn’s test for specific pairwise
comparisons using the “dunn.test” package (v.1.3.5) [40]. Our breeding system experiments
represent a preliminary assessment using only autonomous selfing and cross-pollination
treatments. Complete diagnosis would require additional treatments including hand self-
pollination (emasculated + bagged + hand self) and open pollination controls (natural
exposure) to distinguish between different incompatibility mechanisms and quantify auto-
gamy, geitonogamy, and natural pollination success. This comprehensive approach allowed
us to evaluate both the initial reproductive success (fruit set) and the quality of reproduc-
tion (seed production) under different pollination scenarios, providing robust evidence
regarding the breeding system of this species and the effectiveness of natural pollinators.

3. Results
3.1. Flowering Phenology

The flowering of Loeselia mexicana was very abundant in the locality of Ixtacuixtla,
and we observed that during the first flowering season, the flowering period began in late
September 2023, extending until mid-March 2024. That is, the flowering of this species
spans up to 6 months. The biweekly evaluations carried out on the marked plants demon-
strated that the largest quantity of mature flowers was presented in October 2023 (LMM:
x211 = 473.0, p < 0.001), as shown in Figure 1.

20

Open flowers per plant

Sep-2 Oct-1 Oct-2 Nov-1 Nov-2 Dec-1 Dec-2 Jan-1  Jan-2 Feb-1 Feb-2 Mar-1

) J

2023 2024

Figure 1. Flowering phenology of Loeselia mexicana in central Mexico. The main graph shows the mean
number of open flowers per plant (£standard error) monitored biweekly during the first flowering
season (September 2023 to March 2024). The x-axis labels indicate the first (1) and second (2) biweekly
sampling periods within each month. Peak flowering occurred in mid-October, with a secondary
peak in late November, and flowering extending over a six-month period. Inset: Photograph showing
the typical inflorescence during peak flowering (Photo credit: Carlos Lara).
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3.2. Floral Morphology and Longevity

Of the 48 flower buds that were marked to determine the average lifespan, we found
that the flowers remain open for 2 to 4 days (mean =+ standard error: 2.85 + 0.11 days).
Morphometric measurements from 60 flowers (collected from 30 plants during the
second flowering season, November 2024) that had been open for at least 2 days revealed
that the corolla length averaged 21.76 + 0.44 mm, with a relatively narrow aperture of
3.38 & 0.47 mm. The filaments were the longest structures at 24.64 &= 0.40 mm, while pistils
measured 18.35 & 0.50 mm. These measurements, along with observations of various
flowers during our sampling, evidenced temporal changes in the length of the pistil and
filaments throughout the life of the flowers. This finding demonstrated that the plant ex-
hibits protandry, meaning that after the opening of the flowers, the elongation of filaments,
development, and dehiscence of the anthers occurs first (between days 1 and 2 of life),
while the pistil elongates and is receptive from day 2 until its fall.

The sequential monitoring of floral development revealed a consistent pattern of
protandry (Figure 2). On day 1 after anthesis, filaments rapidly elongated and the majority
of anthers had dehisced by the end of the first day. In contrast, the pistil remained relatively
short during this initial phase and showed no signs of receptivity. By day 2, the pistil had
elongated significantly, surpassing the position of the anthers, and stigmas became receptive
as confirmed by the hydrogen peroxide tests. This clear temporal separation between
male and female phases provides an effective mechanism for promoting outcrossing in

this species.

Figure 2. Sequential floral development showing protandry in Loeselia mexicana. (A-F). Chrono-
logical flower development: (A,B) Day 1, male phase with dehiscent anthers and immature pistil.
(C,D) Transition between phases. (E,F) Day 2-3, female phase with elongated and receptive pistil
surpassing the position of anthers. This temporal separation between male and female functions
promotes cross-pollination.

3.3. Stigmatic Receptivity

To determine stigmatic receptivity, we evaluated bagged flowers throughout their
opening period during the first flowering season (February 2024). When drops of hydrogen
peroxide were applied to the stigmas, only 2-day-old flowers showed bubbling, evidencing
their receptivity. This timing of receptivity directly coincided with the elongation of the
pistil observed in our morphological assessment, confirming that the female phase begins
on day 2 after anthesis and continues until flower abscission.
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3.4. Nectar Measurements
3.4.1. Standing Crop

The volumes harvested in the flowers collected at different times during the second
flowering season (November 2024) showed significant variation (linear model: Fp g7 = 3.40,
p = 0.0184). On average, flowers collected during the 11:00-13:00 h schedule had signifi-
cantly more nectar volume than those from the 9:00-11:00 and 13:00-15:00 periods (Tukey’s
test, p < 0.05), suggesting that maximum nectar availability occurs at midday for floral
visitors (Figure 3A).
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Figure 3. Nectar dynamics in Loeselia mexicana flowers during the second flowering season. (A) Mean
nectar volume (uL + standard error) available throughout the day measured using standing
crop method (November 2024, n = 30 flowers per time period). (B) Mean sugar concentration
(mg/mL =+ standard error) of nectar measured at different times of day (1 = 30 flowers per time
period). Both nectar volume and sugar concentration peaked at midday (1100-1300 h), coinciding
with maximum pollinator activity. (C) Total nectar production measured using the accumulated
nectar method in bagged flowers (January 2025, n = 37 flowers), showing the maximum production
capacity per flower (1.46 £ 0.05 uL). (D) Sugar concentration in accumulated nectar from bagged
flowers (193.13 & 8.8 mg/mL, n = 37 flowers). Asterisks indicate statistical significance levels based
on Tukey’s test: * p < 0.05, *** p < 0.001.

The same pattern was found when evaluating the sugar concentration present in the
collected nectar volumes (linear model: Fp g7 = 10.35, p = 0.0002). Thus, in the midday
period, flowers presented significantly more concentrated nectar than in the other evaluated
schedules (Tukey’s test, p < 0.05) (Figure 3B).

3.4.2. Accumulated Nectar

The total nectar production in L. mexicana, evaluated through the accumulated nectar
method in bagged flowers until their abscission on 22 January 2025 (second flowering
season), reached an average volume of 1.46 & 0.05 pL (Figure 3C). The analysis of sugar
concentration in these samples revealed an average content of 193.13 & 8.8 mg/mL (equiva-
lent to approximately 19.3% sugar on a weight/weight basis) (Figure 3D). The higher sugar
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concentration observed in accumulated nectar likely reflects water evaporation during
the accumulation period, which concentrates the remaining sugars. These measurements,
made in 37 flowers that completed their 4-day life cycle under controlled conditions during
the second flowering season, represent the maximum nectar secretion capacity per flower.

3.5. Floral Visitors

A total of 1399 records of 21 species of floral visitors were obtained across both
flowering seasons (2023-2024 and 2024-2025). Among the visitors, we had 5 species
of hummingbirds (Trochilidae): Archilochus colubris, Basilinna leucotis, Calothorax lucifer,
Cynanthus latirostris, and Saucerottia beryllina. Likewise, 3 species of hymenopterans were
recorded: Apis mellifera, Bombus sonorus, and Xylocopa sp. Finally, the most abundant group
of visitors comprises 13 species of butterflies (Lepidoptera), including: Battus pilenor, Danaus
gilipus, Dione juno, Dione moneta, Dione vanillae, Eutoiepta claudia, Nathalis iole, Leptophobia
aripa, Papilio garamas, Papilio polyxenes, Phoebis agarithe, Phoebis sennae, and Zerene cesonia.

No significant differences were found in the number of flowers visited among the
three groups of floral visitors (linear model: Fj 1396= 1.60, p > 0.05). Although bees showed
a slightly higher average of visits per individual, this difference was not statistically signifi-
cant (Figure 4A).
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30 60 90 120

Time until arrival (min)

Figure 4. Floral visitation patterns in Loeselia mexicana across both flowering seasons (2023-2024
and 2024-2025). (A) Mean number of flowers visited (+standard error) per individual visitor across
different pollinator groups: Bees (pink bars), Hummingbirds (blue bars), and Butterflies (green bars),
showing no significant differences (p > 0.05). (B) Arrival time patterns of the three visitor groups
shown as survival curves; no significant differences were detected (p = 0.452), indicating similar
temporal foraging patterns. (C) Temporal variation in flower visitation throughout the day, with
peak activity occurring at midday (1100-1300 h), coinciding with maximum nectar volume and sugar
concentration. Asterisk indicates significant difference (p < 0.05) based on Tukey’s test. Inset photo:
Archilochus colubris (Ruby-throated Hummingbird) visiting a flower of L. mexicana (Photo credit:
Sergio Diaz Infante).

The temporal arrival patterns of the different groups of floral visitors were similar
throughout the observation period. The Kaplan-Meier survival analysis and the Mantel-
Cox test did not reveal significant differences in arrival times between bees, hummingbirds,
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and butterflies (x = 0.315, d.f. =2, p = 0.452). The survival curves showed a similar gradual
decrease in the probability of arrival for the three groups during the 120 min of observation,
suggesting that there is no temporal segregation in the use of the floral resource among
these visitors (Figure 4B).

When jointly analyzing the visits of the three groups and evaluating their intensity
during the three recording periods (linear model: F; 1396 = 4.74, p = 0.031), a significantly
higher frequency was observed at midday (Tukey’s test, p < 0.05; Figure 4C). Correlation
analysis confirmed significant positive relationships between nectar volume and pollinator
visitation frequency (r = 0.97, p < 0.05) and between sugar concentration and visitation rates
(r=10.89, p < 0.05) across the three time periods, providing statistical support for temporal
coordination between resource availability and foraging activity.

3.6. Breeding System

The experimental treatments to determine the breeding system of L. mexicana con-
ducted during the second flowering season (January-February 2025) strongly suggest
self-incompatibility. Of the 37 flowers subjected to the autogamy treatment, only 2 (5.4%) de-
veloped into fruits, while 28 of the 37 cross-pollinated flowers (75.7%) successfully formed
fruits. This difference in fruit set between treatments was highly significant (Fisher’s exact
test, p < 0.001). However, complete breeding system diagnosis would require additional
experimental treatments to definitively distinguish among incompatibility mechanisms.

Further examination of seed production in the successfully formed fruits strengthened
the evidence for self-incompatibility. For a comprehensive analysis, we selected 28 fruits
from open pollination during the second flowering season as a control group to compare
with our experimental treatments. The analysis revealed significant differences in the
number of seeds per fruit among the three pollination treatments (Kruskal-Wallis test,
H=8.03, df = 2, p < 0.05). Post hoc comparisons using Dunn’s test showed that the
two fruits that developed from the autogamy treatment contained significantly fewer seeds
(Median = 1.5, Range = 1-2; mean =+ SE: 1.5 £ 0.5 seeds per fruit) compared to both cross-
pollination (Median = 4, Range = 3-7; mean =+ SE: 4.82 £ 0.26 seeds per fruit; p = 0.009)
and open pollination treatments (Median = 4, Range = 2-7; mean =+ SE: 4.11 =+ 0.27 seeds
per fruit; p = 0.045). No significant difference was found between cross-pollination and
open pollination treatments (p = 0.091), suggesting that there was no detectable difference
in effectiveness between natural pollinators and manual cross-pollination in this system.

4. Discussion

This study provides the first comprehensive characterization of the reproductive biol-
ogy of Loeselia mexicana, integrating multiple facets from flowering phenology to breeding
system. Our findings reveal several noteworthy aspects of its reproductive strategy that
challenge previous assumptions while confirming others, highlighting the importance of
such integrated approaches for understanding plant reproductive ecology [30,31]. The
species flowers for six months with October showing maximum bloom, demonstrates clear
protandry with sequential maturation of male and female organs, secretes highest nectar
volumes at midday, and attracts a diverse assemblage of pollinators including humming-
birds, bees, and butterflies whose foraging coincides with resource availability. L. mexicana
enforces outcrossing through complementary mechanisms of strong self-incompatibility
and dichogamy, evidenced by significantly higher reproductive success in cross-pollination
compared to autogamy treatments.

The extended flowering period of L. mexicana from late September to mid-March,
with peak flowering in October, contributes significantly to pollinator resource availability
during autumn and winter months when floral resources may be limited in temperate
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environments of central Mexico. However, individual flower lifespan (2.85 & 0.11 days) is
relatively short compared to many temperate species, suggesting the extended flowering
period results from sequential flower production rather than prolonged individual flower
longevity. This strategy likely involves significant resource allocation trade-offs, as extended
flowering periods can deplete plant resources [3]. This prolonged flowering strategy may
compensate for these costs by maximizing exposure to potential pollinators over time and
may represent an adaptation to seasonal variation in pollinator abundance or activity [41].
Such extended flowering phenology is relatively uncommon in temperate zones and
deserves further investigation in relation to climatic conditions and the phenology of
other flowering plants in the community. Further research comparing resource allocation
patterns and individual flower longevity with related species would help clarify the costs
and benefits of this extended flowering strategy.

The floral morphology and functional traits documented for L. mexicana align with
classic ornithophilous syndrome features [4,42], including red to pink tubular corollas
and exserted reproductive structures. However, our findings on protandry and tempo-
ral patterns of nectar production add important nuances to this characterization. The
protandrous development we observed, with anther dehiscence occurring on days 1-2 and
stigmatic receptivity on day 2 until flower abscission, represents an important temporal
separation of male and female functions [43] that may primarily optimize pollen presenta-
tion timing rather than prevent self-fertilization, given the confirmed self-incompatibility.
We acknowledge that our experimental design did not test geitonogamous compatibility
(between flowers on the same plant), which would determine whether self-incompatibility
operates at the flower or whole-plant level. This reproductive strategy aligns with our
experimental confirmation that L. mexicana is indeed self-incompatible, with significantly
higher seed production resulting from cross-pollination compared to autonomous selfing.
The minimal seed production observed in the autogamy treatment (1.5 £ 0.5 seeds per
fruit from only 2 of 37 flowers) likely represents either residual self-compatibility under
extreme conditions or potential reproductive assurance during pollinator scarcity, rather
than indicating a mixed mating system. While this low level of autonomous selfing may
provide minimal reproductive assurance, it is insufficient for population maintenance and
confirms the species’ effective dependence on cross-pollination for successful reproduc-
tion. These results validate the earlier indirect evidence suggesting self-incompatibility
based on pollen-ovule ratios and pollen tube growth patterns [28,29] and demonstrate the
plant’s dependency on pollinators for successful reproduction. Our controlled pollination
experiments—comparing autonomous selfing with cross-pollination under standardized
field conditions—provide robust and conclusive evidence that directly addresses the limi-
tations of previous indirect approaches, establishing definitively that L. mexicana requires
obligate outcrossing for successful reproduction.

The self-incompatibility documented here has important implications for conserva-
tion. For medicinal plants under harvesting pressure like L. mexicana, self-incompatibility
increases vulnerability to reproductive failure in scenarios of pollinator decline or habi-
tat fragmentation [27,44]. However, the generalized pollination system documented in
this study may provide some buffering capacity against the decline of specific pollinator
groups, as multiple taxa can potentially provide pollination services. This functional redun-
dancy could offer greater resilience compared to plants with highly specialized pollination
systems that depend on single pollinator species. Nevertheless, the effectiveness of this
potential buffering depends on the actual pollination efficiency of different visitor groups,
which requires further investigation. This finding underscores the need for conservation
strategies that protect not only the plant populations but also their pollinator communities,
recognizing the complex web of interactions that sustain these systems [6].
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Our nectar measurements revealed temporal patterns in nectar availability throughout
the day. The accumulated nectar production of 1.46 & 0.05 uL per flower with a high
sugar concentration (193.13 & 8.8 mg/mL) falls within the range typical for hummingbird-
pollinated plants in the Neotropics [45,46], supporting previous suggestions of ornithophily
in this species. Peak nectar volume and sugar concentration at midday coincided with
peak visitation intensity across all pollinator groups. This temporal correlation between
resource availability and pollinator activity may maximize reproductive opportunities.
Similar temporal correlations have been documented in other plant species [47,48], though
the causal mechanisms underlying these patterns remain to be determined.

Perhaps the most surprising finding of our study is the diversity and relative impor-
tance of floral visitors observed. With 21 species spanning hummingbirds, hymenopterans,
and lepidopterans all showing similar visitation patterns, L. mexicana appears to support a
more generalized pollination system than previously assumed based on floral morphology
alone. This finding challenges previous assumptions about this species being exclusively
or primarily hummingbird-pollinated, based on specific studies of this species [23,24],
rather than assumptions about the entire genus. While confirming the continued ecological
importance of hummingbirds as documented in those studies, our results align with grow-
ing evidence that many plants with apparently specialized floral traits may interact with
diverse pollinator assemblages [33,49]. This challenge to traditional assumptions represents
a crucial advance in understanding plant—pollinator interactions by demonstrating the
complexities beyond simple syndrome predictions. Our comprehensive multimodal visitor
data—encompassing detailed behavioral observations, temporal patterns, and quantitative
visitation records across multiple pollinator guilds—was essential for revealing this ecolog-
ical complexity that would have been missed by studies focusing solely on morphological
traits or single visitor groups.

Although we found no significant differences in visitation frequency among visitor
groups, our field observations suggest potential variation in pollination effectiveness.
Hummingbirds, with their long bills and hovering behavior, consistently contacted both
anthers and stigmas while probing for nectar, positioning them as potentially more efficient
pollinators. Bees, particularly larger species like Xylocopa sp., also made frequent contact
with reproductive structures, while butterflies often fed without substantial contact with the
stigma due to their long proboscides and tendency to perch on peripheral parts of the flower.
However, without quantitative analysis of pollen loads and transfer efficiency, these remain
preliminary observations. Future research should also distinguish between different bee
types based on morphological compatibility, as smaller bees like Apis mellifera with shorter
mouthparts may be less effective pollinators than larger, long-tongued species (Bombus
sonorus, Xylocopa sp.), despite similar visitation frequencies. Single-visit effectiveness
experiments examining pollen deposition would help separate legitimate pollinators from
nectar thieves within the hymenopteran guild. This methodological approach would help
clarify whether L. mexicana exhibits ecological generalization but functional specialization
in its pollination system, potentially providing functional redundancy that could buffer
against fluctuations in specific pollinator populations [50,51].

This apparent generalization in pollinator use despite seemingly specialized floral
traits raises interesting questions about the evolution of plant—pollinator interactions in
L. mexicana, patterns that parallel recent findings in Salvia where morphological specializa-
tion can coexist with pollinator generalization [52,53]. Therefore, the link between floral
traits and reproductive outcomes should not be overestimated. One possibility is that
the system represents an “adaptive generalization” [54] where floral traits that appear
to target one pollinator group (hummingbirds) simultaneously accommodate other effec-
tive pollinators (bees and butterflies). Alternatively, the current visitation patterns may
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reflect recent ecological changes, such as altered pollinator communities resulting from
anthropogenic disturbance [55,56]. The generalized pollination system observed may result
from several factors: (1) the disturbed habitat context of our study site, where altered
pollinator communities may have led to broader visitor assemblages; (2) floral traits that,
while appearing specialized for hummingbirds, are accessible to multiple visitor types; or
(3) an inherently generalized strategy that provides resilience against pollinator fluctua-
tions. Based on our data, the floral accessibility hypothesis (factor 2) receives the strongest
support, as evidenced by the consistent visitation across all three pollinator groups and the
morphological compatibility between the 25-35 mm corolla tubes and the diverse range of
visitor mouthpart lengths we documented. However, distinguishing definitively among
these hypotheses would require comparative studies across habitat gradients and pollinator
effectiveness experiments. Future studies comparing pollinator effectiveness, rather than
just visitation frequency, would be valuable for determining whether all visitor groups
contribute equally to reproductive success [57,58]. Our findings of a generalized pollination
system in L. mexicana raise intriguing questions about pollination strategies across the
genus Loeselia. While morphological similarities among red-flowered congeners might
suggest convergent evolution toward ornithophilous syndromes, the lack of empirical
pollination data for other species prevents meaningful comparative analysis.

The coincidence of peak visitation intensity with maximal nectar availability at midday
demonstrates the importance of temporal dynamics in plant—pollinator interactions [48,59].
This synchronization likely increases pollination efficiency by concentrating pollen move-
ment during optimal periods [47]. For L. mexicana, this temporal pattern may be particularly
important given its protandrous development and self-incompatibility, as it could maximize
opportunities for effective cross-pollination when stigmas are receptive.

The ecological significance of L. mexicana extends beyond its own reproduction. As a
plant flowering during autumn and winter months in temperate zones of Mexico, it likely
represents a crucial resource for resident pollinators during resource-limited periods. The
autumn-winter flowering phenology of L. mexicana contrasts with most Mexican temperate
forest species, which typically bloom during the rainy season (May-October), including
Lamiaceae (Salvia elegans), Rubiaceae (Bouvardia ternifolia), and Plantaginaceae (Penste-
mon roseus) [60]. This temporal separation may reduce competition for pollinators while
providing crucial resources during resource-limited dry months. While detailed phenologi-
cal data for other Loeselia species remain lacking, this winter flowering strategy represents
a key ecological adaptation that contributes to the species’ role as a keystone resource for
diverse pollinator communities during periods when few other nectar sources are available.
Previous studies have highlighted this role for hummingbirds [23-25], but our findings indi-
cate that this ecological support extends to multiple pollinator guilds, including important
bee and butterfly species. The relatively high nectar rewards offered may be particularly im-
portant for energetically constrained pollinators during dry and colder months, potentially
influencing community structure and population dynamics of these animal groups [61,62].
The timing of L. mexicana flowering (September-March) coincides with the presence of
winter migratory hummingbirds like Archilochus colubris in central Mexican forests [60],
while also supporting multiple year-round resident species (Basilinna leucotis, Calothorax
lucifer, Cynanthus latirostris, Saucerottia beryllina) during resource-limited months. This tem-
poral alignment may contribute to the species” importance for maintaining hummingbird
community diversity.

From a conservation perspective, our findings highlight the importance of protecting
L. mexicana populations for multiple reasons. First, as a self-incompatible species depen-
dent on cross-pollination for reproduction, it requires healthy pollinator communities for
population persistence [5,63]. Second, while Martinez-Roldén et al. [25] documented its im-
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portance specifically for hummingbird communities across diverse habitat types in central
Mexico, our findings suggest its role as a floral resource extends to diverse pollinator groups
during resource-limited seasons, making it potentially important for maintaining pollina-
tor diversity in its ecosystems [64,65]. Third, its medicinal value creates anthropogenic
pressure that must be balanced with ecological considerations [10,66]. The conservation
implications of our findings merit urgent attention given documented population decline
in L. mexicana. Field studies conducted over a decade ago reported that populations were
scarce and declining due to extensive commercialized medicinal extraction [67]. The ab-
sence of updated conservation assessments since then represents a critical knowledge gap.
Our demonstration of dependence on diverse pollinator communities suggests that contin-
ued extraction pressure and habitat modification could significantly impact reproductive
success through pollinator community disruption, potentially compounding population
decline trends documented in 2013.

The integrated approach employed in this study—examining phenology, floral
longevity, sexual development, nectar dynamics, pollinator interactions, and breeding
system—has provided insights that would not have been apparent from studying any
single aspect in isolation. Such comprehensive approaches are increasingly recognized as
necessary for understanding the complex interplay of factors influencing plant reproductive
success [30,31] and for developing effective conservation strategies for plant species with
multiple values [6,26].

Our study had some limitations that suggest directions for future research. First, we
documented visitation patterns of different pollinator groups, limiting our ability to estab-
lish direct causal relationships between floral morphology and reproductive success [53,57].
Future studies using single-visit efficiency experiments would clarify the relative con-
tributions of different visitors to reproductive success. Second, although our successful
cross-pollination experiments indirectly confirmed pollen viability, direct tests of pollen
viability throughout flower development would provide more detailed insights into male-
phase dynamics in this protandrous species. Third, our nectar sampling design did not
stratify flowers by developmental stage (days 1, 2, or 3), which may have confounded our
temporal nectar dynamics since nectar secretion can vary with floral age and sexual phase
in protandrous species. Additionally, emasculation experiments removing anthers before
dehiscence would help determine whether the transition to female phase is controlled by
intrinsic timing or influenced by anther presence. Fourth, our breeding system experi-
ments did not include manual self-pollination tests, which would have more definitively
distinguished between self-incompatibility and mechanical barriers to autonomous selfing.
Moreover, we did not test for apomixis, and the experiments did not assess geitonogamous
self-pollination, leaving unclear whether the incompatibility system prevents fertilization
between flowers on the same individual plant. Fifth, our study was conducted at a single lo-
cation characterized by significant anthropogenic disturbance, where natural temperate
forest has been largely replaced by Eucalyptus plantations, induced grasslands, and seasonal
agricultural areas. The observed generalized pollination system may therefore represent a
response to altered pollinator communities resulting from this habitat modification, rather
than solely an inherent trait of L. mexicana. Comparative studies across the species’ range
would reveal potential geographic variation in reproductive biology and pollinator rela-
tionships [68]. Finally, longer-term studies spanning multiple flowering seasons would
provide insights into year-to-year variation in phenology, nectar production, and visitor
assemblages in relation to climatic variability [69].
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5. Conclusions

This study provides the first detailed characterization of the reproductive biology
of Loeselia mexicana from an integrated perspective. Our findings reveal a protandrous,
self-incompatible flowering system with an extended blooming period, substantial nectar
rewards, and a diverse assemblage of floral visitors including hummingbirds, bees, and
butterflies. The temporal patterns of nectar production and pollinator visitation suggest a
synchronized system that maximizes reproductive opportunities while supporting a diverse
pollinator community during autumn and winter months. These results challenge the
traditional assumption that L. mexicana is primarily hummingbird-pollinated, suggesting
instead a more generalized pollination system despite ornithophilous floral traits. The
confirmed self-incompatibility of this species highlights its dependency on pollinators for
successful reproduction and its potential vulnerability to pollinator declines. Collectively,
these findings contribute to our understanding of the ecological role of this medicinally
important plant and provide valuable baseline information for developing comprehensive
conservation and management strategies that consider both its ethnobotanical value and
ecological functions.
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