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SUMMARY

Darwin devoted an entire book to style and stamen polymorphisms, exemplifying the importance of pollen
movement efficiency as a selective agent on floral form.1 However, after its publication, his interest was
piqued by a description of floral handedness2 or enantiostyly.3 Todd2 described how left- and right-handed
Solanum rostratum flowers have styles deflected to the left and right, respectively. Darwin4 wrote to Todd for
seeds so that he could ‘‘.have the pleasure of seeing the flowers and experimenting on them,’’ but he died
just days later on 19 April 1882. More than a century elapsed before the first experiments demonstrated that
handedness leads to high rates of outcrossing.5,6 By attaching quantumdots to pollen grains, we tracked pol-
len movement in Wachendorfia paniculata, which has one stamen on the same side of the style and two de-
flected in the opposite direction. We found that handedness leads to outcrossing because left- and right-
handedmorphs placemost of their pollen on different sides of the pollinators. However, the partial separation
of stamens and style also results in two-dimensional pollen quality mosaics on each side of carpenter bee
pollinators, generating hotspots and coldspots of outcrossed pollen. Similar mosaics were not found on hon-
eybee pollinators. Outcrossed pollen receipt was much higher than expected because stigmatic positions
are fine-tuned tomatch the outcross pollen hotspots on carpenter bees. Exploitation of these pollenmosaics
enables plants to increase the probability of between-morph (i.e., disassortative), outcross pollen movement
beyond the expectations of enantiostyly.

RESULTS AND DISCUSSION

While a dearth in technology has made quantifications of pollen

movement one of the least-studied aspects of pollination,7,8 high

outcrossing rates in handed plants suggest that handedness re-

duces pollen movement within multi-flowered plants.5,6 Nega-

tive fitness costs associated with pollen movement within plants

(e.g., inbreeding and incompatibility issues) are thought to have

driven widespread spatial separation of anthers and stigmas

acrossmany angiosperm families.9 However, the spatial separa-

tion of stigmas and anthers introduces a novel cost: pollen trans-

fer efficiency is reduced because stigma-anther separation in-

creases the distance between pollen placement and receipt

sites.10,11 Reciprocally handed plants elegantly resolve this

conundrum—left-handed flowers place most of their pollen on

the left sides of pollinators where they are picked up by right-

handed flowers, while right-handed flowers do exactly the oppo-

site11 (Figure 1A). Consequently, most mating is thought to occur

between morphs (disassortative mating), rather than within

morphs (assortative mating). The reciprocity of left- and right-

handed flowers thus maintains the efficiency of outcross pollen

transfer while allowing stigma-anther separation to reduce pollen

movement within plants.11–13

In fact, handedness or enantiostyly comes in many forms:14

numerous enantiostylous species such as Solanum rostratum

have several central feeding anthers and a single, large crypti-

cally colored anther deflected in the opposite direction to the

style; some only produce pollen as rewardswhile others produce

nectar; in some, all flowers on a plant are the same morph

(dimorphic enantiostyly), while in others, both left- and right-

hand morphs occur on the same plant (monomorphic enantios-

tyly). In theory, for all enantiostyly, outcrossing should be maxi-

mized when all of the stamens and styles on a plant are deflected

in opposite directions (Figure 1A). However, in monomorphic

enantiostyly, styles and stamens of different flowers can face

the same direction, leading to self-pollen transfer.5 Similarly, in-

dividual flowers of many entiostylous plants can have some sta-

mens on the same side as the style (e.g., all handed Haemodor-

aceae, the family in which handedness is most prevalent,15 and

some Commelinaceae14). Wachendorfia paniculata Burm. (Hae-

modoraceae) has two stamens opposing the style and one that

occurs on the same side (Figure 1B). All three W. paniculata an-

thers have the same number of pollen grains;16 thus, perfect left-

right segregation in pollen placement by this 2:1 stamen arrange-

ment is expected to result in approximately 66.7% between-

morph pollen movement (Figure 1B). However, between-morph
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pollen movement is likely to bemuch lower than 66.7% if groom-

ing and leg/wing movement reposition pollen after it is placed on

the pollinator, or if the angle of approach by pollinators is very

inconsistent.

Despite this, W. paniculata appears to outcross much more

effectively than predicted (range: 0.78–0.98).17 Since self-polli-

nated W. paniculata flowers set fewer seeds than outcrossed

flowers,17 it is unclear how much the high outcrossing rates

(determined using mature seeds) reflect the mechanics of non-

random pollen movement versus the reduced developmental

success of self-fertilized ovules. We use fluorescent semicon-

ductor nanocrystals (quantum dots) to directly quantify

W. paniculata pollen movement.

We captured honeybees (Apis mellifera capensis) and carpen-

ter bees (Xylocopa caffra) visiting flowers with quantum-dot-

labeled pollen and mapped the positions of labeled pollen on

pollinators. Pollen was placed on the beating wings and some-

times the flanks of bees as they approached and landed on

flowers (Figure S1; Video S1). Partial separation of styles and sta-

mens results in strong segregation of pollen on pollinators, a

A B Figure 1. Comparing the theoretical effi-

ciency of pollen movement in dimorphically

enantiostylous plants (entire plants are

either left- or right-handed), where anthers

and stigmas are completely separated

versus partially separated, assuming per-

fect left-right segregation in pollen place-

ment and receipt

(A) Complete stigma-anther separation: pollen

from the left and right morph is placed on the right

and left sides of the pollinator’s body, respectively.

Stigmas from left and right morphs make contact

with separate sides of pollinator bodies and

therefore only capture pollen from opposite

morphs, resulting in 100% between-morph pollen

movement.

(B) Partial separation: between-morph pollen

movement is reduced because flowers place

some of their pollen on the same side as stigmas, causing within-morph pollen movement. In this example (as in Wachendorfia paniculata), two stamens are

opposite to the style while one stamen remains on the same side, resulting in maximum expected between-morph pollen movement of 66.7%.

Figure 2. Scale drawing showing the posi-

tions of floral reproductive parts with colors

that correspond to the positions of pollen

found on captured honeybee and carpenter

bee pollinators

Left- and right-handed flowers are shown from

behind so that pollinators can be visualized in a

position of approach, where black crosses =

stigmas and colored dots = anthers. Half-violin

plots show the pollen placement distribution along

the x axis (L–R) on carpenter bees and honeybees

for both morphs. Darker portions of violin plots

represent the inter-quartile range and dots above

distributions indicate the median. Bars show the

proportion of pollen placed on bees from each

anther. See also Figure S1, which shows a

photograph of a carpenter bee (Xylocopa caffra)

wing and body (43 magnification) after making

contact with a quantum dot labeled flower. Sta-

tistical differences in positions of floral parts can

be found in Table S1. Statistical differences in the

positions of pollen placement by different anthers

can be found in Table S2. See also Video S1,

which shows slow-motion footage of pollinators

making contact with anthers.
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prerequisite for enantiostyly to generate non-random pollen

movement between morphs (Figure 2).

An unforeseen result was that small differences in upper and

lower anther positions (Figure 2; Table S1) translate into clearly

different pollen placement sites (Figure 2; Table S2). While lower

anthers placed pollen primarily on the flanks of carpenter bees,

upper anthers placed pollen closer to the wing tips (Figure 2)

and constituted the bulk of wing pollen (69.3%). Pollen from

the upper anthers was seldom deposited on honeybees as their

out-stretched wings are too short to consistently contact the up-

per anthers. Consequently, most labeled pollen on honeybees

originated from the lower anthers of both morphs (Figure 2).

An important consequence of site-specific pollen place-

ment by different anthers (Figure 2) is that it results in predictable

mosaics in pollen quality on pollinators. Between- and within-

morph pollen transfer differs in terms of average pollen grain

quality: pollen movement within morphs can include pollen

movement within a plant (geitonogamous, self-pollen), and for

W. paniculata, this results in reduced seed set.16,17 In

contrast, pollen movement between morphs has no low-

quality self-component. The asymmetric anther arrangement of

W. paniculatameans that lower anthers always have a positional

match on the opposite morph while upper anthers do not.

Consequently, stigmatic contact with lower-anther placement

sites is likely to result in equal mixtures of within- and be-

tween-morph pollen. In contrast, stigmatic contact nearer the

wing tips should result in mostly between-morph pollen receipt

from the unmatched upper anthers. To quantify pollen quality

variation on pollinators, we created pollen quality heatmaps (Fig-

ure 3). These maps provide evidence of pollen quality mosaics

on pollinators. Large quantities of mostly between-morph pollen

were found in the middle of carpenter bee wings whereas an

even mixture of between- and within-morph pollen was found

closer to the midline of the carpenter bees. There were no clear

between-morph pollen ‘‘hotspots’’ on honeybees because

labeled pollen on honeybees wasmostly from thematched lower

anthers.

IfW. paniculata stigmas are positioned to make more frequent

contact with the between-morph pollen hotspots on carpenter

bee wings than with the mixed quality loads on carpenter bee

flanks and honeybee wings, then we would expect pollen move-

ment betweenmorphs to exceed the 66.7% predicted by the 2:1

anther arrangement. Wemeasured stigma positions during peak

pollinator activity (9:00–12:00) and found that stigmas were posi-

tioned significantly higher and wider than the upper anthers (Fig-

ure 2; Table S1), suggesting their position is not a precise match

to upper anthers. Instead ofmatching the upper anther positions,

stigma positions appear to match areas with the highest propor-

tions of high-quality pollen, rather than simply high numbers of

grains (Figure 3).

Indeed, we found (Figure 4) that 75.9% of pollen on left-

handed stigmas was from the opposing right-handed anthers

(right-handed stigmas received 73.4% of their pollen from the

opposing left-handed stigmas; Figures S2 and S3). While the

lower anther opposite to the stigma contributed mostly to the

opposite morph (90.46%), their overall contribution (i.e., 8.8%

of pollen on the stigmas of left-handed flowers) was far less

than the upper anthers. While the lower, stigma-side anthers

contributed most pollen to their own morph (90.09%), only

12.8% of all pollen found on left-handed stigmas was from the

stigma-side anther. The slight mismatch in stigma-anther posi-

tion skews pollen receipt toward upper anthers (Figure 4), result-

ing in very strong between-morph pollen movement overall

(85.81% left and 86.41% right)—significantly higher than the

A

B

C

Figure 3. Heatmaps combining pollen placement from left- and

right-handed flower morphs for carpenter bees and honeybees
Right, carpenter bees; left, honeybees. Heatmaps show (A) between-morph

pollen density (pollen grains per 0.1 mm2 grid cell), (B) within-morph pollen

density (pollen grains per 0.1 mm2 grid cell), and (C) pollen quality–quantity

(between-:within-morph pollen grain ratio 3 total number of grains). White

areas in heatmaps represent areas where pollen density was close to zero.

Dotted gray lines show the combined lateral range of left and right stigmas

relative to flower central axes and plotted relative to bee body central axis.

Black bars show the frequency distribution of lateral stigma positions within

the total stigma range.
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66.7% initially predicted (c2 = 178.82, df = 1, p < 0.005). This also

translated to low proportional receipt of geitonogamous pollen

(8.08% ± 4.81%SD, n = 12), explaining the higher than expected

rates of outcrossing previously measured in populations of W.

paniculata.17 A similar study18 was conducted on distylous prim-

roses, which have two floral morphs differing in the reciprocal

arrangement of style and stamen height. Using differences in

pollen size, the authors were also able to show how reciprocal

style and stamen polymorphisms resulted in differential pollen

placement on different parts of the pollinator and consequently

high outcross pollen movement. These complementary results

suggest that distyly and enantiostyly are similarly functioning

mechanisms that increase outcrossing rates and the efficiency

of pollen transfer.

While this manuscript suggests that handedness clearly

evolved to promote efficient outcross pollen movement be-

tween morphs (similar to distyly18), pollen discrimination also

suggests the possibility of female choice in plants. If sexual se-

lection is considered as the selection for traits that increase

mating success rather than survival,19 then stylar traits that

confer higher incidences of outcrossing could be considered

products of sexual selection because they are likely to lead

to more successful matings and do not increase the survival

of the parent plants. In plants, sexual selection via female

choice is usually only considered to occur long after mating

(e.g., through selective abortion of fertilized ovules).19 However,

W. paniculata (and other heterostylous plants18) appears

capable of using pollen position as a rough surrogate for qual-

ity, and we present evidence that stigmas harvest pollen pri-

marily from high-quality hotspots on pollinators, suggesting

that forms of mate selection can take place prior to or during

mating. There are, however, many striking differences between

the apparent choices made by W. paniculata and the kinds of

choices made by animals: animals typically make active

choices based on the phenotypes of individuals, but

W. paniculata plants make ‘‘passive’’ choices based on the po-

sitions of pollen grains; in a single mating event, animals mate

with a much smaller subset of the population (i.e., 1 individual)

than plants (plants can receive many pollen grains of mixed

parentage); W. paniculata discriminate only against self-mat-

ings, whereas animals discriminate against a plethora of

phenotypic traits; and the choices made by animals can to

lead to the evolution of secondary sexual traits like attractive-

ness. In contrast, the ‘‘choices’’ described here are unlikely to

lead to increased floral attractiveness but may select on pheno-

typic traits that control the precision of pollen placement and

receipt. While plants are often viewed as relatively passive par-

ticipants in their own mating process, this manuscript suggests

that plants may nevertheless possess rudimentary mate

discrimination capabilities. Although sexual selection through

male competition in plants is now widely accepted, Darwin

did not consider it a possibility in plants,19 and given the avail-

able evidence, it is uncertain whether he would have contested

or accepted the idea of female choice in plants.

Given that handedness primarily evolved to promote outcross

pollen movement, it seems pertinent to ask why partial style-sta-

men separation is so prevalent in enantiostylous plants and why

the lower anthers inW. paniculata have been retained. One cost

of complete style-stamen separation is that it limits the pool of

possible mates in a population by 50%, and this may be espe-

cially detrimental in very small populations. Partial style-stamen

separation reduces this cost because the anthers on both sides

allow matings to occur between all individuals within a popula-

tion. This advantage of the stigma-side anther is made possible

by the fact that different morphs are compatible; however, any

inbreeding depression resulting from self-pollination in

W. paniculata16,17 is likely to reduce the advantage of having a

stigma-side anther. Clearly, the rates of self-pollen movement

(�8%) and inbreeding depression in W. paniculata are not high

enough to outweigh the advantages of having a stigma-

side anther. The arrangement of anthers and stigmas in

W. paniculata may also represent various bet-hedging strate-

gies8 to ensure that male and female function can contribute to

overall plant fitness in a variety of pollination environments. For

example, when carpenter bees visit flowers often, pollen move-

ment will be dominated by upper anthers and result mostly in

outcrossing. However, when honeybees are the most frequent

visitors, or when morph ratios are highly skewed (e.g., during

colonizing events), pollen movement will likely be dominated

by lower anthers, leading to reduced outcrossing, but with

increased reproductive assurance relative to theoretical flowers

only possessing upper anthers.

Figure 4. Relative pollen contributions

made by different anthers to the stigmas of

the left-handed W. paniculata morph

Arrow thickness is proportional to the percentages

of labeled pollen found on the stigma. By adding

these different values, one can see that 86.4% of

labeled pollen found on left-handed stigmas is

from the opposing right-handed morph. 14.2% of

all pollen found on left-handed stigmas was from

the left-handed morph and a separate experiment

determined that 8.1% of all pollen found on stig-

mas was geitonogamous in origin (more than half

of the within-morph contribution). Note that this

figure only shows pollen receipt by the left-handed

morph. We show the reciprocal figure (pollen

receipt by the right-handed morph) in Figure S2.

Replication of this experiment is visualized in Fig-

ure S3, demonstrating the low level of variability

found between replicates and across morphs.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wachendorfia paniculata is a cormous perennial plant species in the Haemodoraceae family.20 The genus consists of four species, all

of which are endemic to the Cape Floristic Region, South Africa.20 All four species produce paniculate floral displays of yellow to
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apricot colored flowers.20 These displays are all dimorphically enantiostylous, meaning that the style can be deflected either to the left

or the right of the flower and that each plant comprises a single morph.17 The flowers of all species have three anthers, one on the

same side as the style and two which are deflected to the opposite side.20 Helm and Linder20 recognized three different forms of

W. paniculata. We worked on the most common and variable form which occurs throughout the entire of the species (the other

two forms have comparatively restricted ranges). In most populations, the morph ratios of left- and right-handed W. paniculata

flowers are close to 1:1, suggesting a high prevalence of disassortative mating and low clonality or asexual reproduction.16,17

Left- and right-handedW. paniculatamorphs are fully cross compatible, however selfing lowers seed set compared to outcrossing.17

W. paniculata is commonly seen flowering en masse, after fires, which are an important part of the region’s ecology.20 W. paniculata

flowers between August to December and each flower only lasts a single day.20 We conducted all experiments on Stellenbosch

mountain (33�56’47.3’’S 18�52’50.0’’E), Western Cape, South Africa between October and December 2016.

METHOD DETAILS

Quantum dot application
We labeled pollen grains with quantum dots following the methods originally described in Minnaar and Anderson.23 Pollen grains

were labeled with heavy-metal-free CuInSexS2-x/ZnS (core/shell) quantum dots (UbiQD, Los Alamos, USA) with zinc oleate ligands

(zinc complex with oleic acid) dissolved in hexane (5mg/mL). The q-dot–hexane solution was applied in doses of 0.3ml of per individ-

ual dehisced anther using a micropipette with extra-long pipette tips (Lasec 0.1–10ml tips: P2TIP025C-000010). We previously

demonstrated that this protocol resulted in ca. 97% of grains in an anther being labeled with q-dots. To distinguish the anther-origin

of pollen grains, we used three different q-dot colors to label pollen grains namely, green (550nm), yellow (590nm), red (650nm).

Q-dots fluoresce under UV light excitation. We viewed and identified q-dot labeled pollen grains on stigmas and bees using a stan-

dard dissection microscope and 3D-printed quantum dot excitation box.23

Pollen placement on pollinators
We labeled pollen grains from each of the three anthers of a left- or right-handed W. paniculata flower a different color (colors were

randomly assigned to anthers) and presented it to foraging honeybees (Apis mellifera capensis Eschscholtz, 1822) and carpenter

bees [Xylocopa caffra (Linnaeus, 1767)] at the end of a 1.5 m wooden stick. Once a bee visited the quantum-dot labeled flower,

they were captured and killed using a modified butterfly net24 that allowed us to capture bees without contact between them and

the net (whichmay cause pollen to be displaced). Bees were immediately pinned with a single needle through the center of the thorax

onto a foam board and stored at �20�C to preserve them for pollen mapping. We captured 19 carpenter bees (8 L; 11 R) and 19

honeybees (11 L; 8 R).

To map pollen on bee bodies, we created a master body plan, including body segments and wing venation (Figure 2) for carpenter

bees and honeybees from photos of several individuals. Then, for each individual bee, we scaled the master body plan to match that

particular bee by taking measurements of the length and height of the main parts of the body: wings, legs, abdomen, thorax, and

head. Because bees died in various positions, we standardized wing and leg orientation as shown in Figure 2. We then viewed

each bee under UV excitation using the quantum dot excitation box as described in Minnaar and Anderson.23 Each individual quan-

tum-dot labeled pollen grain was mapped as accurately as possible onto its corresponding position on the individually scaled bee-

body map. Pollen grains from different anther positions were mapped in different colors. Individual body maps were anchored at the

center of the thorax which represented the origins of the x-y axes allowing standardized extraction of the x-y coordinates of each

individual pollen grain. We used this mapping approach, because it required the least amount of handling, mitigating post-capture

pollen movement and loss of quantum dot labeled pollen grains.

Pollen movement
We used quantum dots to label pollen of three focal plants of the samemorph, each with three flowers, within a 50m2 plot. As before,

we labeled pollen from each anther a different color. Pollen grains were labeled in the morning and all stigmas within the plot

(including those from donor plants) were collected at sunset and frozen for subsequent pollen counting. Donor flowers were removed

from the experimental plot at the end of the day. A single pollen movement replicate therefore consisted of three donor plants

(9 flowers) of either L or R morphs and all recipient flowers within a 50m2 plot. The position of the plot was randomized for each repli-

cate. Since flowers ofW. paniculata last for one day only17 (except during cold and rainy weather), we allowed at least one day’s break

between pollen movement experiments to reduce the probability that pollen remaining on plants or bee bodies from previous exper-

iments could be transferred to flowers in subsequent experiments. We repeated pollen movement experiments four times for each

morph. Since the proportion of left- and right-handed recipients varied among replicates, we standardized overall anther-level pollen

receipt for each morph across replicates by adjusting receipt proportions to reflect a 50:50 ratio of left and right recipient stigmas.

We determined ratios of geitonogamous- to outcross-pollen transfer by placing three plants with five flowers each within the pop-

ulation for a day. All pollen on a single plant was labeled using one of three colors so that we could distinguish geitonogamous pollen

from outcrossed pollen and thus determine relative contributions of pollen movement within plants. We repeated these experiments

twice for each morph resulting in self-pollen transfer rates for 12 plants and 60 flowers. Rates of geitonogamous-pollen transfer were

similar between days so we pooled data from different days and calculated self-pollen transfer rates at the level of the plant.
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Stigma and anther positions
We picked flowers during peak pollinator activity (9:00–12:00) and measured the absolute distances between anthers, stigmas. We

also measured the distance between the center point of the two nectar apertures in relation to their relative positions in the horizontal

(x) and vertical (y) plane. The receptive area of the stigma is found at the very tip of the style and is less than 1mm in diameter. To

measure the positions of the reproductive parts, we positioned the anthers and stigma of a flower to make contact with a small piece

of glass and marked their contact positions, as well as the center point of the two nectar apertures when viewed directly from above

on the piece of glass. We converted x and y distances to coordinates by using the center point of the two nectar apertures as the

origin and making the x axis parallel to the intersection between the two lower anthers.

QUATIFICATION AND STATISTICAL ANALYSIS

All analyses were performed using R21 version 3.4.1 (R Development Core Team 2017) and the packages nlme25 and multcomp.26

Pollen placement on pollinators
We created body maps and mapped pollen to scale in Adobe Illustrator CC22 and subsequently extracted coordinates for each in-

dividual pollen grain for analysis. We then reversed the sign of the x coordinates of all pollen grains from left-handed morphs so that

pollen placement could be analyzed according to anther (i.e., upper, lower-opposite, and lower-stigma-side). We tested for differ-

ences in pollen placement of each anther on honeybees and carpenter bees on the x and y axis separately using linear mixed-effects

models with bee individual as a random factor. We compared pollen placement among anther types using Tukey post hoc compar-

isons. Replication descriptions can be found in method details.

Pollen movement
To test whether between-morph pollen transfer differed from 66.7% predicted from the 2:1 anther arrangement, we manually

computed a chi-square test on all pollenmovement data pooledwith 66.7%pollenmovement betweenmorphs as the expected con-

tingency table frequencies.

Pollen placement heatmaps
We reclassified pollen in pollen-placementmaps as between- or within-morph based on the flower origin and the side of the pollinator

that the pollen grain was found. For example, a pollen grain on the left side of a pollinator facing the flower was classified as a within-

morph pollen grain if it originated from a left-handed flower (i.e., the pollen grain is on the same side as its donor’s stigma) and be-

tween-morph if it originated from a right-handed flower (i.e., the pollen grain is on the side opposite to its donor’s stigma). Becausewe

had unequal sample sizes for left- and right-morph pollen placement for both bee species, we changed the sign of x coordinates of

pollen grains so that between- and within-morph pollen placement could be combined for both morphs and mapped on one side of

bee bodies. We computed two-dimensional kernel density estimates of between- and within-morph pollen on carpenter bee and

honeybee bodies at a 0.1 mm2 grid resolution. Density values in these maps were rescaled so that maximum density estimates

matched actual pollen counts sampled from 0.5 mm2 grid cells overlaying pollen placement maps. We removed rescaled density

values < 1 and classified these cells as having no pollen. After computing between- and within-morph pollen density estimates

for carpenter bees and honeybees, we calculated a pollen quality–quantity index for each grid cell as the ratio of between- to

within-morph pollen,multiplied by the total number of grains found in each grid cell. This created an overall heatmap of pollen quantity

and quality across pollinator bodies. Kernel density estimations and heatmaps were computed in R (packages: MASS,27 raster,28

png,29 RSAGA30).

Stigma and anther positions
We determined the positions for anthers and stigmas for 20 flowers of each morph. We tested for differences in the positions of each

anther and stigma using linear mixed-effect models with plant identity as a random factor. We compared stigma anther positions

using Tukey post hoc comparisons.
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