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Abstract: Arctomecon humilis (dwarf bear poppy) is an endangered gypsophile restricted to the St.
George area in southern Utah, USA. Extirpation of the rare oligolectic bee Perdita meconis and decline
of other native pollinators within the last 20 years has been largely attributed to the advent of invasive
Africanized honeybees (AHBs), which have become the predominant pollinator for A. humilis. A three-
year study was carried out to determine if reliance on AHBs had a negative effect on reproductive
output. In the first year, pollen addition experiments were carried out in a small, isolated population
to determine if pollinator scarcity or genetic factors affected reproductive output. In the subsequent
two years, reproductive output studies were conducted across four populations. In all years, fruit
set across study sites was exceptionally high. There was no consistent effect from flower number or
interplant distance, which have historically been shown to have a significant impact on reproductive
output prior to AHB arrival. The consequences and sustainability of this relatively young relationship
between A. humilis and the AHB remain unclear. However, high reproductive success shows that the
AHB is currently capable of adequately fulfilling pollinator services for A. humilis.

Keywords: Arctomecon humilis; dwarf bear poppy; africanized honeybees

1. Introduction

In the face of global pollinator declines [1], conservation of functioning pollinator
networks is critical for maintaining plant populations, including many rare species in the
western United States [2]. Anthropogenic disturbance may negatively impact native bee
networks, especially in ecosystems that have been extensively altered [3], which make them
vulnerable to invasion by nonnative species that may potentially cause both biological and
economic harm [4,5]. While most management approaches attempt to conserve suites of
native species and interactions, the ubiquity and irreversibility of novel ecosystems may
require that we challenge historical views of conservation. In novel ecosystems that have
experienced shifts in species composition and subsequent interactions, the role of invasive
pollinator species may need to be reevaluated in terms of conservation potential [6].

Impacts to native pollinator networks and plants associated with the introduction and
invasion of Africanized honeybees (AHBs) have been well documented globally [5,7–9].
Expansion of AHBs into areas not previously invaded is likely to continue and native
pollinator decline is likely to increase as these bees potentially displace native bees. The
invasion by AHBs has been potentially devastating for the rare endemic Perdita meconis
(Mojave poppy bee), an oligolectic bee only known to visit Arctomecon and Argemone species
in the southwestern United States [10].

Since the advent of AHBs in southern Utah, USA as early as 2000 [11], they have now
supplanted preexisting European honeybee populations and have been largely credited
with the extirpation of P. meconis in the St. George, Utah area [11,12]. This has caused
apprehension over the fate of the endangered Arctomecon humilis (dwarf bear poppy, Pa-
paveraceae), a rare gypsophile plant species that has historically relied on pollination from
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the naturalized European honeybee and a suite of native pollinators including P. meco-
nis [13–15]. Portman et al. [12] associated a substantial decline in fruit set across several
A. humilis populations in 2016 with reliance on AHBs as its primary pollinator, particularly
at the Shinob Kibe Preserve (12% fruit set).

A previous study on A. humilis reproduction [13] was carried out prior to the ascen-
dancy of AHBs in southwestern Utah after their first documented occurrence there around
2000 [11]. This study demonstrated a significant negative effect of increasing interplant
distance and decreasing flower number on reproductive output [13], possibly due to the
small size and relatively short foraging distances of the native pollinators. This suggests
that reproductive output could have been pollinator-limited even before the advent of
AHBs, at least in some years. The impact of the switch to AHBs as the primary pollinator
on this relationship had not been examined prior to the present work.

We conducted a three-year study to determine if this new mutualism with an invasive
pollinator has negatively impacted the reproductive output of A. humilis. In the first year,
pollen addition experiments were carried out using intrapopulation and interpopulation
xenogamous crosses to augment natural pollinator activity. The objective was to test the
hypothesis that pollen limitation or possibly potential inbreeding depression was respon-
sible for reduced reproductive output at the Shinob Kibe population. In the subsequent
two years, reproductive output studies were carried out in four populations to test the
hypotheses that (1) populations have lower reproductive success in comparison to past
years that is concomitant with the switch to AHBs as the principal pollinator, (2) reproduc-
tive output parameters vary significantly among populations and years, and (3) shorter
interplant distance and larger floral display increase reproductive success.

2. Materials and Methods
2.1. Study Species

Arctomecon humilis is a federally endangered gypsophile plant species that was listed
under the Endangered Species Act in 1979 [16]. All known populations occur over a
total area of approximately 3600 hectares near the city of St. George, Utah in Washington
County, primarily on fragile, gypsum-rich soils of the Moenkopi geologic formation [17].
It is a short-lived perennial plant whose populations are maintained by highly episodic
recruitment events in favorable years due to a long-lived seed bank [18]. Adult plants
can produce up to 400 flowers beginning in late spring and produce capsules that split
(dehisce) to release seeds while still attached to the plant or after the dried flowers with
enclosed capsules break off (abscise) from the pedicel entirely at full maturation. Even in
years with low precipitation and unfavorable conditions, many plants flower and produce
seeds [12–15].

A. humilis flowers only produce pollen and no nectar [14,15]. Populations exhibit mixed
breeding systems, but the only effective breeding systems are those that require pollinators
(i.e., geitonogamy and xenogamy; [15]). Highest fruit and seed set is achieved though
xenogamy (outcrossing). A previous study had shown that prior to 2000, A. humilis was
primarily visited by various native bee species and the generalist honey bee Apis mellifera,
but pollinator visitors had dwindled down to A. mellifera and Lasioglossum bees in 2012 [15].
By 2016, the predominant pollinator in most populations had become the AHB, which
had largely replaced European honeybee populations [12]. Based on these recent studies,
pollinator surveys were not conducted and it was assumed that AHBs comprise a significant
proportion of the current pollinator guild for A. humilis.

2.2. Study Sites

Four populations of A. humilis were selected for reproductive output studies: Shinob
Kibe, White Dome, Beehive Dome and the Tonaquint sub-population of Red Bluffs (Table 1).
The first year of the study (2018) focused on Shinob Kibe with some data collection at White
Dome. In 2019 and 2020, reproductive output data sets were collected at all four populations.
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Sites were selected at each population that corresponded with newly established drone-
based demography monitoring plots [19].

Table 1. Study site information for pollen addition experiment in 2018 and reproductive output
studies in 2019 and 2020. See [16] for further location data.

Year
Evaluated

Land
Ownership

Main
Population

Sample
Area Area (ha)

2018–2020 TNC 1 Shinob Kibe Shinob Kibe
Preserve 4.13

2018–2020 TNC White Dome White Dome
Preserve 325

2019–2020 BLM 2, SITLA 3 Red Bluffs Tonaquint Block 166
2019–2020 BLM Beehive Dome Beehive Dome ACEC 75

1 The Nature Conservancy, 2 USDI Bureau of Land Management, 3 Utah State School Trust Lands.

2.3. Fruit and Seed Quantification

Capsule analysis was conducted similarly each year. Once capsules had fully dried,
they were dissected and the numbers of unfertilized ovules, aborted seeds, and filled
seeds were counted. Ovule fate (the mean proportion of ovules within a fruit that are
unfertilized, aborted, or filled) represents a key set of variables in assessing reproductive
success, including fertilization success, which is calculated as (aborted ovules + filled
ovules)/total ovules. Aborted seeds indicate the successful fertilization of an ovule and
sufficient pollen availability for fertilization, while the termination of seed development
could be caused by other biotic or abiotic factors. This is based on the assumption that seed
abortion occurs post-fertilization and is not a result of pollen scarcity. Fertilized ovules
that do not abort are represented as the filled seed proportion. Reproductive data from
2019 were also presented in [19] as a component of seed rain estimates.

Filled seeds in each individual capsule were weighed and divided by the number of
filled seeds to calculate the average individual seed mass per capsule. Seed mass was also
obtained from the bulk collection for White Dome in 2018. Seed viability was determined
by tetrazolium testing [20] for two replicates of 50 seeds drawn from the bulk collection of
seeds from the three pollination treatments and from the White Dome comparison group
in 2018, as well as for each population in 2019.

2.4. Pollen Addition Experiment

The Shinob Kibe population was visited in early April 2018 prior to flowering to
mark individual experimental plants. Forty-five plants with a minimum of 10 buds were
selected within 5 m of previously established research paths throughout the population
to minimize new disturbance to fragile habitat. Each plant was marked with a metal tag
with an identification number and GPS coordinates were recorded. During visits, plants
that did not have a sufficient number of open flowers to receive both pollination treatments
were removed from the study sample. Between mid-April and late May, the population
was visited 3 times to carry out experimental pollination treatments based on previous
hand pollination studies conducted on this species [15]. During each visit, freshly opened
flowers on every plant were randomly divided into three treatment groups. For the first
two groups, pedicels were marked with colored embroidery thread: (1) in intrapopulation
treatment, donor pollen was supplied from flowers on plants at Shinob Kibe, and (2) in
interpopulation treatment, donor pollen was from randomly selected flowers at White
Dome. Open-pollinated flowers with no pollen addition on each individual were used as
the control treatment and left unmarked.

Flowers open early in the morning, and stamens shed their pollen early on the same
day. By late afternoon the anthers are spent and shriveled, while stigmas can remain
receptive for two days [13]. Stamens were collected from freshly shedding anthers at the
White Dome population before 8 am each day and stored in glass vials for transport to
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Shinob Kibe. Stamens from Shinob Kibe were collected for target individuals from plants
>4 m distant and also stored in glass vials. Pollen for each treatment was applied to the
stigmas of treatment flowers using paintbrushes cleaned with isopropyl alcohol between
pollination sessions. Flowering progression (bud to flower ratio), number of open flowers,
and the number of treated flowers for each plant were recorded during each visit.

Fruits (capsules) of varying sizes from non-study plants were dissected to determine
minimum size thresholds of capsules that produced at least one viable seed. Using these
thresholds, the number of fruits and flowers in each treatment on each plant were recorded
to determine fruit to flower ratios (fruit set) per individual plant. All remaining fruit in
interpopulation and intrapopulation treatments that had not dehisced or abscised were
collected with a proportionally equal number of fruits randomly selected from the control
group on each plant and stored individually in paper envelopes for laboratory analysis to
determine fertilization success and seeds per capsule. Two hundred undehisced capsules
were randomly selected from the bulk White Dome capsule collection and analyzed as
described above for comparison with the Shinob Kibe capsule data set.

2.5. Two-Year Reproductive Output Study

In 2019, approximately 100 plants from newly established 0.6 ha high-density monitor-
ing plots were selected from each population prior to flowering, except at the Shinob Kibe
Preserve, which was considered a single plot for demography purposes due to its relatively
small size (Table 1; [19]). In 2020, approximately 30 plants were selected that were outside
of the boundaries of monitoring plots. Sample sizes were reduced from 2019 to 2020 based
on power analysis of the 2019 data set. Each plant was measured and marked with a metal
tag with an identification number and its GPS coordinates were recorded. During peak
flowering time, when over 50% of buds had bloomed, the total number of flowers and buds
per plant was counted to determine maximum flower number. Fruit set was determined in
the field following the same protocol as for the 2018 pollination experiments. In both years,
5% of capsules were randomly collected from each plant for analysis to ensure adequate
sample size and to avoid skewing data towards large plants or stripping smaller plants
of fruit.

2.6. Interplant Distance and Floral Display

The goal of this study was to determine whether poppy populations in 2019 showed
the same relationships between reproductive output parameters and interplant distance
(negative) and floral display (positive) as observed prior to the advent of the AHB as
the primary pollinator [12]. Orthomosaics (post-processed UAV imagery) collected for
monitoring in 2018 and 2019 [19] were utilized to determine interplant distances. In ArcMap
(ESRI, Redlands, CA, USA), shape files for plants that had been digitally marked for census
and monitoring were georeferenced to a digital elevation model (DEM). The “Extract Values
to Points” Spatial Analyst tool was used to output elevation data for all marked plants
in the imagery. Based on GPS coordinates, treatment plants were visually matched to
plants in the imagery. The “Near Features” tool was used to determine the horizontal
distance between each treatment plant and its nearest neighbor. Elevation and nearest
distance outputs were used to calculate an adjusted distance value (interplant distance)
that accounted for elevation differences in the sometimes steep, hilly terrain.

Calculated interplant distances and flower counts were combined with data on indi-
vidual plant reproductive output to examine whether fruit set, fertilization success, and
filled seed proportion were related to these independent predictor variables at Shinob Kibe
in 2018 and 2019 and at White Dome, Beehive Dome, and Tonaquint in 2019. These latter
three populations were the populations included in Harper et al. [13].

2.7. Statistical Analysis

Analysis of variance (ANOVA) was used to compare components of reproductive
output by treatment, population, and/or year, depending on experiment. Binomial vari-
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ables were analyzed with SAS 9.4 (SAS Institute, Cary, NC, USA) Proc GLIMMIX, while
continuous variables were analyzed with SAS 9.4 (SAS Institute, Cary, NC, USA) Proc GLM.
Variables derived from capsule dissection were analyzed on a per plant basis by averaging
values for capsules within plants and using these averages as input values in the analyses.
This was necessary to avoid skewing the calculations toward larger plants, which had
larger capsule sample sizes. Means comparisons were based on LSMEANS from analysis
of variance. ANOVA tables for the three studies are presented in Appendix A.

2.7.1. Pollen Addition Experiment

ANOVA was used to compare components of reproductive output among pollination
treatments at Shinob Kibe and with the White Dome population. Mean filled seed number
per capsule, seed mass, and seed viability were compared with White Dome, while for fruit
set White Dome was not included as no fruit set data were available. Means comparisons
of reproductive output components between open-pollinated flowers and intrapopulation
crosses were used to determine if plants at Shinob Kibe were pollen-limited. The same
comparisons between interpopulation and intrapopulation crosses were examined to look
for evidence for genetic constraints (such as inbreeding depression) affecting reproductive
output. Ovule fate comparisons between manipulated treatments show whether pollen
source and supplementation have an effect on processes within capsules that determine
seed production and whether biotic or abiotic constraints may be limiting.

2.7.2. Two-Year among-Population Reproductive Output Study

ANOVA comparisons were also used for the same reproductive output metrics de-
scribed above at four populations in 2019 and 2020 to determine how reproductive output
varies as a function of population and year. Fruit set data from 2019 and 2020 were also com-
pared to summarized fruit set data reported from various populations and years [12–14].
Fruit set data span 32 years and represent reproductive output data before and after the
arrival of the AHB in southern Utah [11]. Trends were evaluated to determine if the arrival
of the AHB had an overall negative impact on reproductive output. Trends in fruit set
from 1988 to 2020 were also examined to evaluate whether fruit set values were affected by
precipitation and temperature.

2.7.3. Effect of Interplant Distance and Floral Display

SAS 9.4 (SAS Institute, Cary, NC, USA) Proc Glimmix was used to test the effects of
flowers per plant and interplant distance on ovule fate between and across populations in
2018 and 2019, to determine if plants with higher flower number or with smaller distances
to their nearest neighbor had higher reproductive output in terms of fruit set, fertilization
success, and filled seed proportion. Flower number and distance were analyzed as contin-
uous variables, but the data are presented by binned categories to facilitate comparison
with Harper et al. [13]. Trends were then compared to summarized data reported from this
earlier study.

3. Results
3.1. Pollen Addition Experiments

Examination of results from the pollen addition experiment at Shinob Kibe revealed
only minor treatment effects (Figures 1 and 2, Tables A1–A6). Fruit set in the open-
pollinated control treatment was surprisingly high (85%) in comparison to a previous
year (12%; [12]). High fruit set in open-pollinated flowers indicates that pollinator visitation
was adequate at Shinob Kibe in 2018 for fruit production, and is generally on par with or
higher than typical fruit set across populations from 1988 to 2018 (Table 2). Although fruit
set did not significantly differ between manipulated pollination treatments or between the
intrapopulation treatment and the control, interpopulation crosses resulted in significantly
higher fruit set (94%) than open-pollinated flowers (Figure 1, Table A1).
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Figure 1. Results of the pollen addition experiment at the Shinob Kibe population in 2018, showing
the mean (A) fruit set (fruit to flower ratio), (B) filled seeds per capsule, (C) seed mass, and (D) seed
viability based on tetrazolium testing [20] per treatment. Treatments are control (open-pollinated with
no manipulation), intrapop (pollen added from the Shinob Kibe population), and interpop (pollen
added from the White Dome population). Data from White Dome are included when available. For
each response variable (fruit set, seed number per capsule, seed mass, and seed viability) bars that
contain the same letter are not significantly different at p < 0.05. An asterisk indicates that data are
not available. See Appendix A for full statistical analysis.



Diversity 2022, 14, 1 7 of 23

Diversity 2022, 14, x FOR PEER REVIEW 7 of 23 
 

 

(pollen added from the White Dome population). Data from White Dome are included when avail-

able. For each response variable (fruit set, seed number per capsule, seed mass, and seed viability) 

bars that contain the same letter are not significantly different at p < 0.05. An asterisk indicates that 

data are not available. See Appendix A for full statistical analysis. 

 

Figure 2. Results of the pollen addition experiment at the Shinob Kibe population in 2018. Treat-

ments are control (open-pollinated with no manipulation), intrapop (pollen added from the Shinob 

Kibe population), interpop (pollen added from the White Dome population) and White Dome 

(open-pollinated with no manipulation). Both fertilization success (filled + aborted seed proportion) 

and filled seed proportion were significantly lower at White Dome than at Shinob Kibe but were 

not significantly different among manipulation treatments. See Appendix A for full statistical anal-

ysis. 

Table 2. Fruit set percentage data from reproductive output studies of Arctomecon humilis from 1988 

through 2021. 

Population/Site 
Study Year 

1988 1 1989 1 1997 2 2000 2 2012 1 2016 3 2018 4 2019 4 2020 4 

Atkinville - - 31.1 - 70.0 - - - - 

Beehive Dome 100 97.2 - 91.6 100 81.2 - 99.4 99.4 

Red Bluffs - - 93.9 82.0 77.5 63.4 - - - 

Red Bluffs ORV - - - - 75.0 - - - - 

Red Bluffs Tonaquint - - - - - - - 97.6 99.5 

Shinob Kibe - - - - - 12.1 84.6 98.0 98.8 

Warner Ridge - - - - 72.5 29.7 - - - 

Webb Hill - - - - 87.5 - - - - 

White Dome - - - 87.5 77.5 - - 96.9 96.4 

Mean 100 97.2 62.5 88.5 80.0 46.6 84.6 98.0 98.5 

Data obtained from 1 [15]; 2 [13]; 3 [12]; 4 current study. 

Between treatment groups and White Dome, only intrapopulation crosses produced 

significantly fewer filled seeds per capsule than the control group, with approximately 2.5 

less seeds per capsule on average (Table A2). However, seed mass and seed viability were 

significantly lower in both manipulated treatments compared to open-pollinated flowers 

at Shinob Kibe and White Dome (Table A3). Viability of seeds produced from open-polli-

nated flowers was high (90–92%), with a steep decline in viability in both manipulated 

Figure 2. Results of the pollen addition experiment at the Shinob Kibe population in 2018. Treatments
are control (open-pollinated with no manipulation), intrapop (pollen added from the Shinob Kibe
population), interpop (pollen added from the White Dome population) and White Dome (open-
pollinated with no manipulation). Both fertilization success (filled + aborted seed proportion) and
filled seed proportion were significantly lower at White Dome than at Shinob Kibe but were not
significantly different among manipulation treatments. See Appendix A for full statistical analysis.

Table 2. Fruit set percentage data from reproductive output studies of Arctomecon humilis from
1988 through 2021.

Population/Site
Study Year

1988 1 1989 1 1997 2 2000 2 2012 1 2016 3 2018 4 2019 4 2020 4

Atkinville - - 31.1 - 70.0 - - - -
Beehive Dome 100 97.2 - 91.6 100 81.2 - 99.4 99.4

Red Bluffs - - 93.9 82.0 77.5 63.4 - - -
Red Bluffs ORV - - - - 75.0 - - - -

Red Bluffs
Tonaquint - - - - - - - 97.6 99.5

Shinob Kibe - - - - - 12.1 84.6 98.0 98.8
Warner Ridge - - - - 72.5 29.7 - - -

Webb Hill - - - - 87.5 - - - -
White Dome - - - 87.5 77.5 - - 96.9 96.4

Mean 100 97.2 62.5 88.5 80.0 46.6 84.6 98.0 98.5

Data obtained from 1 [15]; 2 [13]; 3 [12]; 4 current study.

Between treatment groups and White Dome, only intrapopulation crosses produced
significantly fewer filled seeds per capsule than the control group, with approximately
2.5 less seeds per capsule on average (Table A2). However, seed mass and seed viability
were significantly lower in both manipulated treatments compared to open-pollinated
flowers at Shinob Kibe and White Dome (Table A3). Viability of seeds produced from open-
pollinated flowers was high (90–92%), with a steep decline in viability in both manipulated
treatments (72–80%; Table A4). It was observed during tetrazolium testing that embryos of
treatment seeds were notably smaller than in seeds of control groups, which may be related
to differences in seed mass. Despite a slight increase in fruit set with donor pollen from a
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distant population, supplemental pollination overall had a negative effect on reproductive
output compared to natural pollination services.

Neither fertilization success nor filled seed proportion were significantly different
among Shinob Kibe pollination treatments but both were significantly lower at White Dome
(Figure 2, Tables A5 and A6).

3.2. Two-Year among-Population Reproductive Output Study

In the four-population study across two years, there were significant but slight dif-
ferences in fruit set across sites in both years, but average fruit set was >96% (Figure 3,
Tables A7 and A10). Fruit set values from 2019 and 2020 are the highest reported since 1988
(Table 2), when 100% fruit set was reported from the single population for which data are
available. This trend shows that, in terms of fruit production, the switch to the AHB as
the primary pollinator does not correspond to lower fruit set. Instead, fruit set values are
substantially higher overall than in all the previous years.

Diversity 2022, 14, x FOR PEER REVIEW 8 of 23 
 

 

treatments (72–80%; Table A4). It was observed during tetrazolium testing that embryos 

of treatment seeds were notably smaller than in seeds of control groups, which may be 

related to differences in seed mass. Despite a slight increase in fruit set with donor pollen 

from a distant population, supplemental pollination overall had a negative effect on re-

productive output compared to natural pollination services. 

Neither fertilization success nor filled seed proportion were significantly different 

among Shinob Kibe pollination treatments but both were significantly lower at White 

Dome (Figure 2, Tables A5 and A6). 

3.2. Two-Year Among-Population Reproductive Output Study 

In the four-population study across two years, there were significant but slight dif-

ferences in fruit set across sites in both years, but average fruit set was >96% (Figure 3, 

Tables A7 and A10). Fruit set values from 2019 and 2020 are the highest reported since 

1988 (Table 2), when 100% fruit set was reported from the single population for which 

data are available. This trend shows that, in terms of fruit production, the switch to the 

AHB as the primary pollinator does not correspond to lower fruit set. Instead, fruit set 

values are substantially higher overall than in all the previous years. 

 

Figure 3. Mean fruit set (A,B), filled seeds per fruit (C,D), and seed mass (E,F) for plants from four 

dwarf bear poppy populations in 2019 (panels A,C,E) and 2020 (panels B,D,F). Within a reproduc-

tive component and year, bars with the same letter are not significantly different at p < 0.05. BH = 

Beehive Dome, TQ = Tonaquint, SK = Shinob Kibe, WD = White Dome. See Appendix B for full 

statistical analysis. 

Despite similar fruit set, average filled seeds per capsule and seed mass varied sig-

nificantly among populations each year (Figure 3). In 2019, White Dome produced the 

fewest seeds per fruit, as well as the smallest seeds, compared to other populations (Tables 

A8 and A9). Mass adult plant mortality that corresponded with timing of fruit production 

was observed in this population in the same year. This effect at White Dome was not seen 

in 2020 (Tables A11 and A12). Beehive Dome, which has consistently been the most pro-

ductive of all populations since 1988, produced the highest number of seeds per capsule 

Figure 3. Mean fruit set (A,B), filled seeds per fruit (C,D), and seed mass (E,F) for plants from four
dwarf bear poppy populations in 2019 (panels A,C,E) and 2020 (panels B,D,F). Within a reproductive
component and year, bars with the same letter are not significantly different at p < 0.05. BH = Beehive
Dome, TQ = Tonaquint, SK = Shinob Kibe, WD = White Dome. See Appendix A for full statistical analysis.

Despite similar fruit set, average filled seeds per capsule and seed mass varied signif-
icantly among populations each year (Figure 3). In 2019, White Dome produced the
fewest seeds per fruit, as well as the smallest seeds, compared to other populations
(Tables A8 and A9). Mass adult plant mortality that corresponded with timing of fruit
production was observed in this population in the same year. This effect at White Dome
was not seen in 2020 (Tables A11 and A12). Beehive Dome, which has consistently been
the most productive of all populations since 1988, produced the highest number of seeds
per capsule and the largest seeds in both years. Seed viability was uniformly high across
all populations in 2019 with an average of 96% (data not shown). Viability data are not
available for 2020.
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When comparing ovule fate across all populations in 2019 (Figure 4, Tables A13 and A14),
White Dome and especially Shinob Kibe had significantly lower fertilization success (higher
unfertilized ovule proportion) than the other two populations. Despite the significantly
lower fertilization rate at Shinob Kibe, plants on average exhibited fewer aborted seeds
compared to other populations and the proportion of ovules that produced a filled seed
did not differ among Beehive Dome, Tonaquint, and Shinob Kibe. White Dome suffered
from a significantly higher proportion of aborted seeds and lower proportion of filled
seeds per fruit in 2019. In 2020, fertilization success and proportion of filled seeds were
generally lower than in 2019 with the exception of fertilization success at Shinob Kibe
(Figure 4, Tables A15 and A16). Because of high variation in the fraction of aborted
ovules, higher fertilization success does not necessarily correspond to higher filled seed
proportion, showing that filled seeds produced per capsule alone cannot be used as a direct
measurement of fertilization success. High variation also indicates that other factors that
affect reproductive output, particularly seed abortion, operate to varying degrees at each
population and are not consistent across years or by population.
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Figure 4. Ovule fates at four populations of dwarf bear poppy in (A) 2019 and (B) 2020. Within
each year and response variable (designated by shading), bar sections with the same letter are not
significantly different at p < 0.05. Note that the test for unfertilized ovule proportion is the same as a
test for fertilization success. BH = Beehive Dome, TQ = Tonaquint, SK = Shinob Kibe, WD = White
Dome. See Appendix A for full statistical analysis.

3.3. Interplant Distance and Floral Display

Fruit set data were analyzed in relation to interplant distance and floral display
at Shinob Kibe in 2018 and at all four populations in 2019. Because of the uniformly
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high fruit set across all populations in 2019 (Figure 3), there were no effects of inter-
plant distance or flower number that were even marginally significant in any population
(Tables A17 and A18). Fruit set was also not significantly related to interplant distance or
floral display at Shinob Kibe in 2018, in spite of lower overall fruit set that year (Table A18).

Ovule fate was analyzed at Beehive Dome, Tonaquint, and White Dome at the popu-
lation level and across all three populations (Figure 5). The data are presented as binned
flower number categories to attempt to draw comparisons to the Harper et al. [13] inter-
plant distance x flower number study discussed earlier. When populations are analyzed
together, there was a significant but very small increase in fertilization success as flower
number increased (Table A19). However, trends in individual populations vary. Only
Tonaquint showed significantly increased fertilization success with higher flower numbers,
while fertilization success slightly dropped at Beehive Dome and White Dome did not
show any clear pattern, resulting in a marginally significant population by flower number
interaction. The pattern of increasing filled seed proportion with increasing flower number
was stronger overall, but again there were major differences among populations, with a
highly significant population by flower number interaction (Figure 5, Table A20). Filled
seed proportion increased significantly with flower number at both Tonaquint and White
Dome, but there was very little variation in filled seed proportion at Beehive Dome as
a function of flower number. A contrasting result was obtained at Shinob Kibe, where
fertilization success actually dropped significantly with increasing flower number (Figure 6,
Table A21). A similar trend there, significant in 2019, was seen for filled seed number
(Table A22).
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Figure 5. Relationship of ovule fate to mean flower number per plant (A) across three populations
and for (B) Beehive Dome, (C) Tonaquint, and (D) White Dome in 2019. Note that flower numbers are
binned into categories for ease of interpretation but that flower number was not analyzed as binned
categories (see Appendix A for full statistical analysis).
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Figure 6. The effect of flower number on ovule fate for open-pollinated unmanipulated plants at
Shinob Kibe in (A) 2018 and (B) 2019. There was a significant negative effect of flower number on
fertilization success in both years, while the negative effect on filled seed proportion was significant
only in 2018. Note that flower numbers are binned into categories for ease of interpretation but that
flower number was not analyzed as binned data. See Appendix A for full statistical analysis.

Analysis of ovule fate as a function of interplant distance overall in the three-population
study showed no significant effect on fertilization success but a small but significant de-
crease in filled seed as interplant distance increased (Figure 7, Tables A19 and A20). There
were no significant effects of interplant distance at Shinob Kibe (Tables A21 and A22),
even though the range of interplant distances was considerably greater than at the other
three populations.

The effect of floral display on fertilization success was minimal and inconsistent, and
effects on filled seed proportion were also inconsistent and relatively small. Even the
direction of the effect was not consistent. Effects of interplant distance on reproductive
output were absent or very small. The clear trend of increased reproductive output with
shorter interplant distances and larger floral displays seen in Harper et al. [13] was clearly
not replicated in this study.
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Figure 7. The effect of interplant distance on ovule fate averaged across three dwarf bear poppy
populations in 2019. There was no significant effect of interplant distance on fertilization success, but
the negative effect on filled seed proportion was significant. Note that interplant distances are binned
into categories for ease of interpretation but that interplant distance was a continuous variable in the
analysis See Appendix A for full statistical analysis.

4. Discussion
4.1. Pollen Addition

In 2018, open-pollinated flowers had remarkably high fruit set, especially when com-
pared to the low observed fruit set two years prior in 2016. Hand pollination only increased
fruit set when flowers were outcrossed to a distant population, yet both manipulated
treatments resulted in significantly smaller seeds. The tradeoff for smaller seeds may
have fitness consequences and is likely responsible for smaller embryos observed during
tetrazolium testing that resulted in lower seed viability. Differences in seed mass and fill in
manipulated treatments are likely due to some mechanical aspect of hand pollination itself,
such as stigma damage or inappropriate pollen-loading [21]. This same trend in lowered
seed mass was also seen by Tepedino et al. [15].

Despite the relatively low filled seed numbers at Shinob Kibe, which were on the lower
end of typically high filled seed numbers for A. humilis [15,18], low seed production per
capsule does not seem to be a phenomenon restricted to Shinob Kibe. In fact, despite being
the smallest and most isolated A. humilis population in this study, Shinob Kibe was not the
least productive of the populations based on reproductive output metrics in any year. If
pollen availability were the primary factor causing reduced seed number per capsule for
A. humilis, pollen augmentation should theoretically increase seed fill; this did not occur.
It is probable that other resource limitations are also contributing to the lower proportion
of filled seeds, which cannot be addressed by supplemental pollination alone. Based on
these results, pollen availability does not seem to be limiting fruit set at Shinob Kibe and
plants are receiving adequate pollinator visitation when compared to historical visitation.
Given that fruit set at Shinob Kibe in the following two years of the study was close to 100%
without donor pollen from another population, there is little evidence that fruit set there is
genetically constrained.
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4.2. Reproductive Output Trends

Remarkably, fruit set was near 100% across all populations in 2019 and 2020. In
the past, reported fruit set in any given year varied greatly among populations and was
infrequently near 100% (Table 2). Although there is significantly more variation in ovule
fate and seed characteristics between populations, this result is encouraging and indicates
complete pollinator visitation during the flowering season. Fruit set has not continued a
negative trend following the switch to the AHB as the principal pollinator for A. humilis.
Seed fill and seeds per fruit were lower on average during the three years of our study
than those reported earlier [13,15], but fertilization success was exceptionally high in
2019 and 2020 (74–87% Figure 4). This suggests that seed fill may be resource-limited, so
that higher fertilization success can be compensated by higher seed abortion and only sets
an upper limit on seed fill. This interpretation is supported by the 2018 results, where both
fertilization success and aborted seed fraction were much lower than in 2019 and 2020,
resulting in similar seed fill across the three years (Figures 2 and 4). Previous studies did
not report fertilization success or seed abortion fractions.

The effect of interplant distance and floral display on reproductive output did not
show the same clear trends as Harper et al. [13], and in some cases contradicted their
findings, as seen at Shinob Kibe in both years (Figure 6). Due to high population numbers
and robust flowering of plants across all populations in 2019 and 2020, direct comparisons
to Harper et al. [13] may not be possible. Additionally, 2000 was a year with much lower
precipitation, lower population densities, and smaller plants than seen in 2018 and 2019.
The effect of interplant distance and floral display may play a significant role in reproductive
output on dry, sparse years, but such years do not substantially contribute to seed bank
replenishment. Nevertheless, the dissolution of this once strong trend may be significant
in understanding the role of AHBs in this new pollinator regime and the possible benefit
to A. humilis. As AHBs are known to be strong fliers with large foraging distances [22], it
is not surprising that they might be better able to locate and forage on smaller plants and
plants at greater distances from each other than the smaller native bees [23] that were likely
important pollinators in the Harper et al. [13] study.

If the arrival of the AHB in southern Utah has not been shown to negatively impact
the reproductive output of A. humilis overall, then other factors must account for the high
variability in reproductive output that occurs among populations and years. Historical
trends showed that 2016 was the worst year reported for reproductive output with a low
fruit set average across populations of 46.6%. Over the course of the four subsequent years,
A. humilis experienced two of its most productive years since 1989. This demonstrates that
basing conclusions about long-term trends on a single year of low reproductive output can
be misleading. Long-term monitoring that includes reproductive output as well as other
data associated with demography may reveal other factors associated with this type of
drastic annual variation and is critical for the management of A. humilis.

Within-fruit seed abortion varied greatly across populations and years, and could be
affected by both genetic factors and resource availability. One of the more obvious factors
affecting reproductive output in this study is disease. Although White Dome did not differ
in fruit set or filled seed viability from other populations in 2019, it suffered high seed
abortion rates and significantly smaller seeds. Widespread adult plant mortality occurred
at White Dome during peak fruit production that year with symptoms suggestive of a
pathogen. Diseased tissue was noted across all populations in 2019 and 2020, although not
as severe as at White Dome. This occurred after a notably cooler and wetter spring, and
likely contributed to lower seed production due to increased seed abortion. Arctomecon
californica, another rare gypsophile plant species restricted to the Mojave Desert in southern
Nevada and adjacent Arizona, is also known to experience increased adult plant mortality
in cool, wet years, likely from disease caused by the pathogen Alternaria [24]. No other
A. humilis studies have reported observations of disease in any population of A. humilis
prior to 2019.
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Timing of seasonal temperature and precipitation events play a role in seedling recruit-
ment and other life history events for A. humilis [18]. Limited or poorly timed precipitation
may also limit resource availability for floral and seed production. Winter precipitation and
minimum temperature have also been shown to be major factors influencing AHB persis-
tence in habitats in the southwestern United States, and in general AHBs preferred low to
moderate winter precipitation and minimum temperatures that do not persist below freez-
ing [25]. However, Washington County experienced cooler and wetter winters in 2019 and
2020 than the previous seven years, and ultimately had the most robust reproductive effort.
Climatic data do not show an obvious correlation with reproductive output.

Land use and anthropogenic activity around A. humilis populations may also impact
both pollinators and plants themselves, resulting in lower reproductive output. Shinob
Kibe and White Dome are both closely blockaded by recent and sporadic bouts of urban
development, from housing and industrial complexes to nearby high-traffic roads. The
Tonaquint sub-population is bisected by a heavy-use dirt road and experiences frequent
nearby OHV traffic as well as recreational firearm activity. While Beehive Dome is relatively
far from this development, the area does have active grazing allotments [17]. It is possible
that disturbance due to large machinery associated with development, such as high dust
generation [26], could influence plant-pollinator interactions.

4.3. Conservation Implications

It remains unclear what environmental variables contribute to the drastic fluctuations
in fruit set and seed production in A. humilis. However, the reliance on AHBs for pollination
does not seem to play a role in significantly lowering reproductive success for A. humilis. It
is difficult to determine if AHBs are indeed responsible for the extirpation of P. meconis near
St. George and the decline of other native pollinators in the A. humilis pollinator guild. In
some ecological cases, AHBs may just be a “passenger of change, not the driver” [27,28]. In
populations of the sister taxon Arctomecon californica, it was found that P. meconis coexisted
with AHBs without significant population or visitation frequency decline compared to
historical data [29]. Although A. humilis and A. californica share similar life histories
and habitats, there are naturally differences which may contribute a particular set of
ecosystem attributes that make species interactions more vulnerable to negative impacts
of invasion, such as plant density, abundance of co-flowering species, and land use [29].
Regardless of the drivers of change in the A. humilis pollinator guild, the question remains
concerning how to manage rare native plants that are now almost entirely supported by an
invasive pollinator.

While there may be a tendency to assume that the invasion of species is inherently
negative for ecosystems, a limited number of studies report neutral, if not positive, impacts
of the AHB [9]. Characteristics of africanization may in fact be beneficial for A. humilis
plants. Compared to European honeybees (as well as smaller native bees), the flight capacity
of AHBs is significantly higher [22,23]. Additionally, AHBs have a higher preference for
pollen over nectar, as opposed to European honeybees with higher foraging preferences
for nectar [22]. For fragmented and highly aggregated populations of A. humilis, this
increased foraging range and pollen preference may prove crucial during years of low
plant abundance. Current pollination services from AHB may be the reason why interplant
distance and flower number no longer exercise the same restrictions on reproductive
success as they did prior to the rise of AHBs in southern Utah.

As AHBs may continue to encroach into Utah with changing climatic conditions [25],
eradication simply may not be possible. In order to protect the species they now interact
with, shifts in management strategies and prioritization may be required to better un-
derstand the new role that AHBs and other invasive species play in novel ecosystems.
Long-term monitoring is essential for determining how this new pollinator relationship
will develop over time and affect long-term prospects of A. humilis. AHB populations
are also not immune to the same kinds of threats that face European honeybees and in
fact all pollinating species [1,30,31]. Reliance on the visitation of a single pollinator may
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put A. humilis at higher risk of decline if populations of that pollinator were to collapse.
Conservation strategies may now need to include protecting this new interaction.
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Appendix A

Tables in the first section of this appendix provide statistical support for the results
presented for the Shinob Kibe 2018 pollen manipulation experiment in Figures 1 and 2 in
the main text. Fruit set, seed viability, fertilization success, and filled seed proportion were
analyzed as binomial variables using SAS 9.4 PROC GLIMMIX; seeds per capsule and seed
mass were analyzed using SAS 9.4 (SAS Institute, Cary, NC, USA) PROC GLM. WDS refers
to the White Dome salvage collection; this comparison is included when available.

Table A1. Fruit Set (fruit number/flower number).

Type III Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

TREAT 2 98 5.86 0.0039

Differences of TREAT Least Squares Means

TREAT _TREAT Estimate Standard
Error DF t Value Pr > |t|

Interpop Control 1.1734 0.3920 98 2.99 0.0035
Interpop Intrapop 0.6309 0.4903 98 1.29 0.2011
Control Intrapop −0.5424 0.3078 98 −1.76 0.0812
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Table A2. Filled Seed Number per Capsule.

Source DF Sum of
Squares

Mean
Square F Value Pr > F

Model 3 118.654465 39.551488 1.53 0.2115
Error 109 2822.313311 25.892783

Corrected
Total 112 2940.967775

Least Squares Means Differences for Effect Treat
Pr > |t| for H0: LSMean(i)= LSMean(j)

Dependent Variable: Filled Seed Number

i/j Control Interpop Intrapop WDS

Control 0.1320 0.0445 0.2450
Interpop 0.1320 0.6211 0.9935
Intrapop 0.0445 0.6211 0.6945

WDS 0.2450 0.9935 0.6945

Table A3. Seed Mass.

Source DF Sum of
Squares

Mean
Square F Value Pr > F

Model 3 1.82539175 0.60846392 9.92 <0.0001
Error 108 6.62135022 0.06130880

Least Squares Means Differences for Effect Treat
Pr > |t| for H0: LSMean(i) = LSMean(j)

Dependent Variable: Seed Mass

i/j Control Interpop Intrapop WDS

Control <0.0001 <0.0001 0.6023
Interpop <0.0001 0.7025 0.0031
Intrapop <0.0001 0.7025 0.0072

WDS 0.6023 0.0031 0.0072

Table A4. Seed Viability.

Type III Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

TREAT 3 4 8.52 0.0327

Differences of TREAT Least Squares Means

TREAT _TREAT Estimate Standard
Error DF t Value Pr > |t|

Control Interpop 3.5184 1.0307 4 3.41 0.0269
Control Intrapop 3.3691 1.0330 4 3.26 0.0310
Control WDS 1.0883 1.1636 4 0.94 0.4026
Interpop Intrapop −0.1493 0.3296 4 −0.45 0.6741
Interpop WDS −2.4301 0.6290 4 −3.86 0.0181
Interpop WDS −2.2809 0.6327 4 −3.61 0.0227
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Table A5. Fertilization Success (fertilized ovules/total ovules).

Type III Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

TREAT 3 109 3.62 0.0155

Differences of treat Least Squares Means

TREAT _TREAT Estimate Standard
Error DF t Value Pr > |t|

Control Interpop 0.09167 0.1053 109 0.87 0.3860
Control Intrapop 0.1392 0.1050 109 1.33 0.1876
Control WDS 0.4110 0.1260 109 3.26 0.0015
Interpop Intrapop 0.04756 0.1100 109 0.43 0.6662
Interpop WDS 0.3193 0.1302 109 2.45 0.0157
Intrapop WDS 0.2718 0.1299 109 2.09 0.0388

Table A6. Filled Seed Proportion (filled seeds/total ovules).

Type III Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

TREAT 3 109 4.50 0.0051

Differences of Treat Least Squares Means

TREAT _TREAT Estimate Standard
Error DF t Value Pr > |t|

Control Interpop −0.01625 0.1040 109 −0.16 0.8761
Control Intrapop 0.04000 0.1037 109 0.39 0.7005
Control WDS 0.4180 0.1255 109 3.33 0.0012
Interpop Intrapop 0.05625 0.1091 109 0.52 0.6074
Interpop WDS 0.4343 0.1300 109 3.34 0.0011
Intrapop WDS 0.3780 0.1298 109 2.91 0.0043

ANOVA Table A7 through Table A16 provide support for in support of among-
population comparisons for 2019 and 2020 presented in Figures 3 and 4. The two study
years were analyzed separately. BH = Beehive Dome, SK = Shinob Kibe, TQ = Tonaquint,
WD = White Dome. SAS 9.4 (SAS Institute, Cary, NC, USA) Proc GLIMMIX was used for
analysis of binomial variables; SAS Proc GLM was used for continuous variables.

Table A7. 2019 Four Population Fruit Set.

Source DF Type III SS Mean
Square F Value Pr > F

Population 3 0.03031437 0.01010479 4.64 0.0033

Least Squares Means for Effect Population
Pr > |t| for H0: LSMean(i) = LSMean(j)

Dependent Variable: Fruit Set

i/j BH SK TQ WD

BH 0.0368 0.0104 0.0003
SK 0.0368 0.6083 0.1123
TQ 0.0104 0.6083 0.2856
WD 0.0003 0.1123 0.2856
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Table A8. 2019 Four Population Seed Number per Capsule.

Source DF Type III SS Mean
Square F Value Pr > F

Population 3 7864.505205 2621.501735 47.72 <0.0001

Least Squares Means for Effect Population
Pr > |t| for H0: LSMean(i) = LSMean(j)

Dependent Variable: Seed Number per Capsule

i/j BH SK TQ WD

BH <0.0001 <0.0001 <0.0001
SK <0.0001 0.0383 0.0013
TQ <0.0001 0.0383 <0.0001
WD <0.0001 0.0013 <0.0001

Table A9. 2019 Four Population Seed Mass.

Source DF Type III SS Mean
Square F Value Pr > F

Population 3 0.00002216 0.00000739 14.48 <0.0001

Least Squares Means for Effect Population
Pr > |t| for H0: LSMean(i) = LSMean(j)

Dependent Variable: Seed Mass

i/j BH SK TQ WD

BH 0.0150 0.0137 <0.0001
SK 0.0150 0.9216 <0.0001
TQ 0.0137 0.9216 <0.0001
WD <0.0001 <0.0001 <0.0001

Table A10. 2020 Four Population Fruit Set.

Type III Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

Population 3 110 32.57 <0.0001

Differences of Population Least Squares Means

Population _Population Estimate Standard
Error DF t Value Pr > |t|

BD SK 0.7839 0.3138 110 2.50 0.0140
BD TQ −0.03196 0.3576 110 −0.09 0.9289
BD WD 1.8912 0.2782 110 6.80 <0.0001
SK TQ −0.8158 0.3028 110 −2.69 0.0082
SK WD 1.1073 0.2030 110 5.45 <0.0001
TQ WD 1.9231 0.2657 110 7.24 <0.0001
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Table A11. 2020 Four Population Seed Number per Capsule.

Type III Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

Population 3 115 4.48 0.0052

Differences of Population Least Squares Means

Population _Population Estimate Standard
Error DF t Value Pr > |t|

BD SK 5.1877 1.7400 115 2.98 0.0035
BD TQ 5.9050 1.7400 115 3.39 0.0009
BD WD 3.6571 1.7534 115 2.09 0.0392
SK TQ 0.7173 1.6789 115 0.43 0.6700
SK WD −1.5305 1.6928 115 −0.90 0.3678
TQ WD −2.2478 1.6928 115 −1.33 0.1869

Table A12. 2020 Four Population Seed Mass.

Type III Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

Population 3 110 5.08 0.0025

Differences of Population Least Squares Means

Population _Population Estimate Standard
Error DF t Value Pr > |t|

BD SK 0.1716 0.06172 110 2.78 0.0064
BD TQ 0.06126 0.06222 110 0.98 0.3270
BD WD 0.2163 0.06275 110 3.45 0.0008
SK TQ −0.1104 0.06059 110 −1.82 0.0713
SK WD 0.04469 0.06114 110 0.73 0.4664
TQ WD 0.1550 0.06164 110 2.52 0.0133

Table A13. 2019 Four Population Fertilization Success.

Type III Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

Population 3 374 49.03 <0.0001

Differences of Population Least Squares Means

Population _Population Estimate Standard
Error DF t Value Pr > |t|

BH SK −0.7460 0.06667 374 −11.19 <0.0001
BH TQ −0.1050 0.07328 374 −1.43 0.1528
BH WD −0.3692 0.07168 374 −5.15 <0.0001
SK TQ 0.6410 0.07107 374 9.02 <0.0001
SK WD 0.3769 0.06942 374 5.43 <0.0001
TQ WD −0.2642 0.07579 374 −3.49 0.0005
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Table A14. 2019 Four Population Filled Seed Proportion.

Type III Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

Population 3 374 80.69 <0.0001

Differences of Population Least Squares Means

Population _Population Estimate Standard
Error DF t Value Pr > |t|

BH SK 0.2358 0.05134 374 4.59 <0.0001
BH TQ 0.09845 0.05114 374 1.92 0.0550
BH WD 0.7847 0.05286 374 14.84 <0.0001
SK TQ −0.1373 0.05484 374 −2.50 0.0127
SK WD 0.5489 0.05645 374 9.72 <0.0001
TQ WD 0.6862 0.05627 374 12.20 <0.0001

Table A15. 2020 Four Population Fertilization Success.

Type III Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

Population 3 115 23.28 <0.0001

Differences of Population Least Squares Means

Population _Population Estimate Standard
Error DF t Value Pr > |t|

BD SK −0.9639 0.1251 115 −7.70 <0.0001
BD TQ −0.1252 0.1032 115 −1.21 0.2277
BD WD −0.01607 0.09888 115 −0.16 0.8712
SK TQ 0.8387 0.1283 115 6.54 <0.0001
SK WD 0.9478 0.1248 115 7.59 <0.0001
TQ WD 0.1091 0.1029 115 1.06 0.2909

Table A16. 2020 Four Population Filled Seed Proportion.

Type III Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

Population 3 115 4.90 0.0031

Differences of Population Least Squares Means

Population _Population Estimate Standard
Error DF t Value Pr > |t|

BD SK 0.02288 0.09125 115 0.25 0.8025
BD TQ 0.2660 0.08987 115 2.96 0.0037
BD WD 0.2436 0.08724 115 2.79 0.0061
SK TQ 0.2431 0.09369 115 2.60 0.0107
SK WD 0.2207 0.09117 115 2.42 0.0170
TQ WD −0.02240 0.08978 115 −0.25 0.8034

This section of the appendix provides statistical support for the flower number x
interplant distance analysis across three populations (Beehive Dome, Tonaquint, White
Dome) in 2019 (Figures 5 and 7) and for Shinob Kibe in 2018 and 2019 (Figure 6). SAS 9.4
(SAS Institute, Cary, NC, USA) Proc GLIMMIX was used for analysis of binomial variables;
SAS 9.4 (SAS Institute, Cary, NC, USA) Proc GLM was used for continuous variables.
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Table A17. The effect of maximum flower number and interplant distance on fruit set in the three-
population study in 2019.

Type III Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

FLWNO 1 267 0.18 0.6691
DISTANCE 1 267 0.15 0.6955

FLWNO*DISTANCE 1 267 0.06 0.8137
POP 2 267 2.13 0.1206

FLWNO*POP 2 267 0.34 0.7147
DISTANCE*POP 2 267 0.37 0.6894
FLWNO*DISTANCE*POP 2 267 0.19 0.8240

Table A18. The effect of maximum flower number and interplant distance on fruit set at Shinob Kibe
in 2018 and 2019.

Type III Tests of Fixed Effects

Year Effect Num DF Den DF F Value Pr > F

2018
MAXFLW 1 30 1.70 0.2027

DISTANCE 1 30 0.04 0.8431
MAXFLW*DISTANCE 1 30 0.00 0.9682

2019
MAXFLW 1 95 0.21 0.6449

DISTANCE 1 95 0.00 0.9759
MAXFLW*DISTANCE 1 95 0.15 0.7023

Table A19. The effect of maximum flower number and interplant distance on fertilization success
across three populations in 2019 and for these three populations analyzed separately.

Type III Tests of Fixed Effects

Population Effect Num DF Den DF F Value Pr > F

Three-
population

POP 2 260 4.08 0.0180
MAXFLW 1 260 5.01 0.0261

MAXFLW*POP 2 260 2.86 0.0590
DISTANCE 1 260 0.37 0.5420

DISTANCE*POP 2 260 0.13 0.8789
MAXFLW*DISTANCE 1 260 1.02 0.3145

MAXFLW*DISTANCE*POP 2 260 0.30 0.7384

Beehive
Dome

MAXFLW 1 89 0.04 0.8406
DISTANCE 1 89 1.03 0.3135

MAXFLW*DISTANCE 1 89 1.11 0.2952

Tonaquint
MAXFLW 1 86 10.19 0.0020

DISTANCE 1 86 0.13 0.7172
MAXFLW*DISTANCE 1 86 1.21 0.2745

White Dome
MAXFLW 1 85 0.22 0.6410

DISTANCE 1 85 0.00 0.9978
MAXFLW*DISTANCE 1 85 0.00 0.9601
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Table A20. The effect of maximum flower number and interplant distance on filled seed proportion
across three populations in 2019 and for these three populations analyzed separately.

Type III Tests of Fixed Effects

Population Effect Num DF Den DF F Value Pr > F

Three-
population

POP 2 260 35.71 <0.0001
MAXFLW 1 260 4.79 0.0295

MAXFLW*POP 2 260 12.64 <0.0001
DISTANCE 1 260 18.70 <0.0001

DISTANCE*POP 2 260 3.63 0.0279
MAXFLW*DISTANCE 1 260 1.23 0.2681

MAXFLW*DISTANCE*POP 2 260 2.93 0.0554

Beehive
Dome

MAXFLW 1 89 8.74 0.0040
DISTANCE 1 89 5.94 0.0168

MAXFLW*DISTANCE 1 89 8.61 0.0043

Tonaquint
MAXFLW 1 86 4.56 0.0355

DISTANCE 1 86 14.79 0.0002
MAXFLW*DISTANCE 1 86 3.25 0.0747

White Dome
MAXFLW 1 85 13.00 0.0005

DISTANCE 1 85 1.61 0.2083
MAXFLW*DISTANCE 1 85 1.58 0.2129

Table A21. The effect of maximum flower number and interplant distance on fertilization success at
Shinob Kibe in 2018 and 2019.

Type III Tests of Fixed Effects

Year Effect Num DF Den DF F Value Pr > F

2018
MAXFLW 1 30 4.91 0.0345

DISTANCE 1 30 0.30 0.5888
MAXFLW*DISTANCE 1 30 0.73 0.4008

2019
MAXFLW 1 95 8.44 0.0046

DISTANCE 1 95 0.24 0.6232
MAXFLW*DISTANCE 1 95 3.60 0.0609

Table A22. The effect of interplant distance and flower number on filled seed proportion at Shinob
Kibe in 2018 and 2019.

Type III Tests of Fixed Effects

Year Effect Num DF Den DF F Value Pr > F

2018
MAXFLW 1 30 4.80 0.0363

DISTANCE 1 30 0.18 0.6786
MAXFLW*DISTANCE 1 30 0.24 0.6289

2019
MAXFLW 1 95 0.86 0.3562

DISTANCE 1 95 0.07 0.7848
MAXFLW*DISTANCE 1 95 0.21 0.6469
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