ABSTRACT
GADD, LAURA ELIZABETH. Pollination biology of the federally endangered Echinacea

laevigata (Boynton and Beadle) Blake, Smooth Coneflower, in small, isolated populations.
(Under the direction of Dr. Jon M. Stucky)

Echinacea laevigata (Boynton and Beadle) Blake, a federally endangered species,
occurs in several small, isolated populations and a single large population in the northern
Piedmont of North Carolina. Currently, little is known of the reproductive biology of this
species. Therefore, we sought to describe its flowering phenology, compatibility pattern, and
which of its various flower visitors were the more effective pollinators, to inform
conservation efforts. In addition, pollinator limitation can reduce seed number and seed
quality in small, isolated plant populations. We conducted a study of insect flower visitation
and seed production in these populations to test our hypothesis that plants in the small,
isolated populations are visited by fewer insect taxa, receive fewer visits, and produce fewer
and/or less fit seeds than do plants in the large population. Our data show that average insect
visitor species richness was significantly greater in the large population than in small
populations and all but one of the small populations had fewer pollinator visits per head
during fifteen minute observations than the large population; however, plants in several small
populations produced as many or more seeds per head than did plants in the large population.
Therefore, our results were not consistent with expectations of pollinator limitation.
However, results show that seeds from small populations produce seedlings that are less fit as
those from the large population. We conclude that other factors not examined in this study

are more threatening to small, isolated coneflower populations than is pollinator limitation.
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This master’s thesis is not a traditional thesis with a literature review and numerous
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ABSTRACT

Echinacea laevigata (Boynton and Beadle) Blake, a federally endangered species, occurs in
several small, isolated populations and a single large population in the northern Piedmont of
North Carolina. Currently, little is known of the reproductive biology of this species.
Therefore, we sought to describe its flowering phenology, compatibility pattern, and which
of its various flower visitors were the more effective pollinators, to inform conservation
efforts. In addition, pollinator limitation can reduce seed number and seed quality in small,
isolated plant populations. We conducted a study of insect flower visitation and seed
production in these populations to test our hypothesis that plants in the small, isolated
populations are visited by fewer insect taxa, receive fewer visits, and produce fewer and/or
less fit seeds than do plants in the large population. Our data show that average insect visitor
species richness was significantly greater in the large population than in small populations
and all but one of the small populations had fewer pollinator visits per head during fifteen
minute observations than the large population; however, plants in several small populations
produced as many or more seeds per head than did plants in the large population. Therefore,
our results were not consistent with expectations of pollinator limitation. However, results
show that seeds from small populations produce seedlings that are less fit as those from the
large population. We conclude that other factors not examined in this study are more
threatening to small, isolated coneflower populations than is pollinator limitation.



INTRODUCTION

Echinacea laevigata (Boyton & Beadle) Blake (Asteraceae), smooth purple coneflower
(coneflower), is a federally endangered (Murdock 1992) herbaceous, perennial that currently
occurs on alfisols and mollisols in sites with reduced cover of woody vegetation in Virginia,
North Carolina, South Carolina and Georgia (Smith 1986, Schafale & Weakley 1990, Gaddy
1991, Slapcinsky 1994, Evans et al. 2002). Coneflower was, most likely, a component of
presettlement grasslands maintained by fire over large areas of the southeastern Piedmont
(Juras 1997). Subsequent to European settlement, years of fire suppression caused the
decline of Piedmont grasslands (Barden 1997, Juras 1997) and the current, general pattern of
small, isolated coneflower populations.

Small, isolated populations, such as those of coneflower, may incur consequences of their
reduced size. They might experience decreased pollinator diversity and flower visitation and,
therefore, produce fewer seeds than do larger, more abundantly flowering populations
(Jennersten 1988, Lamont et al. 1993, Pavlick et al. 1993, Rathke & Jules 1993, Aizen and
Feinsinger 1994, Olesen & Jain 1994, Agren 1996, Buchmann & Nabhlan 1996, Kearns et al.
1998, Kwak et al. 1998, Bosch & Waser 1999, Cunningham 2000, Spira 2001, Goverde et al.
2002, Brys et al. 2004, Kolb 2005, Wagenius 2006), a phenomenon called pollinator
limitation (Bierzychudek 1981, Sih & Baltus 1987, Moody-Weis & Heywood 2001).
However, flower visitation frequency and seed production in some remnant populations have
equaled or even exceeded those in large conspecific populations (Becker et al 1991, Aizen
and Feinsinger 1994, Cane 2001, Donaldson et al. 2002, Yates and Ladd 2005). Clearly, it is
not necessarily the case that small coneflower populations experience pollinator limitation.

Small populations might also experience reduced seed germination and seedling fitness as a
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consequence of low genetic variation and inbreeding depression (Menges 1991, 1995,
Fischer and Matthies 1998, Wagenius 2000, Bruna 2002, Donaldson et al. 2002, Hooftman et
al. 2003, Kolb 2005).

There is considerable interest in conserving southeastern Piedmont grasslands (Barden
1997, Davis et al. 2002, Evans et al. 2002) and in understanding the viability of small
coneflower populations. Previous studies of E. laevigata describing patterns of genetic
variation (Apsit & Dixon 2001, Peters 2005), reintroduction methods (Alley and Affolter
2004), effects of disturbance and light on growth (Emanuel 1996, Alley et al. 2005) and
monitoring methods designed to account for the species’ moderate amount of vegetative
reproduction (Philippi et al. 2001) and studies of other Echinacea species (McGregor 1968,
Leuszler et al. 1996, Walck et al. 2002, Wagenius 2000, 2004, 2006) inform coneflower
conservation efforts. Studies of coneflower seed production would be important because
they would provide insight into the mechanism that reduces genetic load in this rare species
(Paland and Lynch 2006, Nielsen 2006), generation of genetic variation as a hedge against a
changing environment, and propagules that can found new populations (Boyle and Menges
2001, Cummings and Alexander 2002, Méndez et al. 2004). Since most coneflower
populations are small, information regarding seed production in small, as well as large,
populations would be pertinent to conservation.

We studied the reproductive biology of Echinacea laevigata to inform efforts to conserve
it (Murdock 1995) and to evaluate the reproductive status of its small populations. Specific
objectives of our coneflower study were to describe (1) its flowering phenology and
compatibility pattern, and determine (2) which of its various flower visitors were the more

effective pollinators, (3) if pollinator limitation was reducing the numbers of seeds produced

4



in small populations, and (4) if the fitness of seeds and seedlings from small populations
were less than the fitness of those from a large population.
METHODS AND MATERIALS
Study Sites
This study was conducted during 2004 and 2005 in five small coneflower populations of

habitat fragments and one large population in a managed grassland, all in the northern
piedmont of North Carolina (Table 1). The Knap of Reeds and Snow Hill Road populations
were lost to the study when land managers burned them and the surrounding habitat during
the spring of 2005. Three other remnant populations, Freudenberg, Briardale Road, and
Lakeside Drive, were included in the study during 2005.
Flowering Phenology

During late May to early July, 2004, flowering individuals of each species in ten
randomly distributed 2x10 m transects at Picture Creek were counted and the relative
abundance of each in the flowering community determined approximately weekly.
Flowering time niche breadth and niche overlap (Levins 1968) for the entire sampling period
were determined for coneflower and all other sampled species. Niche breadth and niche
overlap were determined as:

B=1/Y(p"y) and 01,={Y[(py)) (px)]} /B,

respectively, where B is niche breadth, O, is niche overlap of species 1 on species 2, p is the
proportion of total flowers for a species over the entire sampling period that were observed in
an individual sample, i is the i species, j is an individual sample, and r is the array of
samples. We also recorded the blooming period for coneflower in each small population.
Plant nomenclature followed the PLANTS Database (USDA, NRCS 2006).
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Pollen Fertility

Pollen fertility was estimated during 2004 as pollen stainability in cotton blue in
lactophenol (Kearns and Inuoye 1993). Numbers of heads sampled were eight for Picture
Creek, three for Snow Hill Rd., five for Knap of Reeds, three for Briardale Rd., three for
Lakeside, and three for Freudenberg. Anthers were macerated in a drop of stain on a
microscope slide, pollen viewed at 100X, and fertile (dark blue) and non-fertile (light blue)
grains counted.
Compatibility

Three head bagging treatments were used during June, 2004 in Picture Creek to
evaluate coneflower reproductive compatibility and the ability to auto self-pollinate. The
flowering head treatments were bagged; bagged and artificially self-pollinated; and
unmanipulated. The unmanipulated heads were the same heads designated as the natural,
open-pollinated treatment described below for testing pollinator limitation. Twenty-three
heads were enclosed in nylon bags prior to disk flower opening. Disk flowers of ten bagged
heads were artificially self-pollinated and rebagged daily for the flowering duration of the
head. Ten other bagged heads were not artificially pollinated. After artificial self-pollination
was finished, ten previously unbagged heads were bagged to prevent the loss of mature
seeds. Contents of the 30 bagged heads were harvested in September and the numbers of
plump and non-plump seeds in each head were determined. Additionally, stigmas of three
one-day-old disk flowers were removed from each of the three remaining bagged heads and
from three unmanipulated heads, individually placed in vials, immediately taken to the lab,
examined at 50 X and coneflower pollen grains counted in a 0.3 mm wide belt transect across

the middle of one stigma receptive surface.



Pollinator Effectiveness

During 2004 and 2005, we determined the relative pollinator effectiveness of
coneflower flower visitors at Picture Creek based on a linear combination of four criteria: (1)
insect visitation rates to flowering heads, (2) locations of pollen loads on insect bodies, (3)
numbers of coneflower pollen grains in samples of insect pollen loads, and (4) percentage
coneflower composition of individual insect pollen loads. Quantitative evaluations for each
of the four criteria were ranked across insect visitor groups. Then the four criteria ranks for
each group were summed. The relative pollinator effectiveness of each insect group was
indicated by the rank order of its sum.

Visits by individual insect taxa to flowering heads in eight randomly distributed 2 x 2
m plots were counted during 41 15-minute intervals in 2004 and 36 intervals during 2005.
All intervals occurred on sunny days, primarily between the hours of 0900 and 1300. 19 of
these intervals were recorded between the hours of 1300 and 1600. Additionally, nocturnal
flower head visitors at Picture Creek were identified during three observation hours in 2005.

Flower visitors were collected from coneflower heads and taken to the laboratory in
small vials. Locations of pollen on the bodies of at least three individuals of each taxon were
determined (Table 2). Pollen located on proboscides, legs, or the underside of the head,
thorax or abdomen was considered more likely to be transferred to stigmas than pollen
located elsewhere. A number of 0-4 was assigned to each insect based on the location of
pollen grains on the insect body. Insects with all of its visible pollen located on the
proboscis, legs, underside of the head, thorax, or abdomen or any combination of these parts
received a rank of 4. Insects with most of its visible pollen located on the above mentioned

parts but also some on the dorsal surface, wings, or in pollen sacs received a rank of 3.
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Insects with little visible pollen in parts likely to transfer pollen, but mostly in unlikely places
received a rank of 2. Insects with very few visible pollen grains anywhere on the body
received a rank of 1. Insects with no visible pollen grains received a rank of 0. Three ml of
distilled water and one drop of detergent were added to each vial containing an insect and
shaken vigorously until all pollen appeared to be removed from the insect and suspended in
solution. Pollen sacs on the legs of Hymenopterans were removed prior to adding the
solution because pollen in them was unavailable to stigmas. 0.05 ml of the solution was
placed on a microscope slide, observed at 100X, and the coneflower and non-coneflower
pollen grains were counted.
Pollinator Limitation

Pollinator limitation would be indicated by a combination of reduced pollinator visits
and/or pollinator species richness and fewer seeds produced by open-pollinated heads than by
heads receiving open-pollination augmented with artificial cross-pollination. To determine if
pollinator limitation was affecting small coneflower populations but not that at Picture Creek,
we monitored flowering head visitation rates and seed production in all of the populations.
At Picture Creek, insect visits to flowering heads and insect taxa visiting heads were counted
in the eight randomly distributed 2 x 2 m plots during each of 41 15-min observation periods
in 2004 and 36 periods in 2005. Multiple plots were not used in small populations because
they were composed of so few plants. Instead, in these small populations, visits to flowering
heads that could be seen from one vantage point were observed. Five observation periods
were sampled at Snow Hill Rd., seven and Knap of Reeds, twelve at Briardale Rd., six at
Lakeside Dr., and six at Freudenberg. A mixed model ANOVA, with site fixed, and days in
site as random, along with the least significant difference procedure (Isd) were used on both
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square-root transformed visitation data and untransformed species richness data to test the
null hypotheses of no differences among populations within each year (SAS Institute 2000).
During early June in 2004 and 2005, pollination studies were conducted to determine
percentages of viable seeds produced by two pollination treatments, natural open-pollination
and open-pollination augmented with artificial cross-pollination. During both years at
Picture Creek, 10 randomly selected heads were artificially cross-pollinated daily for the
flowering duration of each head and left unbagged to receive natural open-pollination (Table
4). Fewer than 10 flowering heads were artificially cross-pollinated in each of the small
populations because they included limited numbers of flowering heads (Table 4). The
remaining flowering heads in each population were unmanipulated and available for natural
pollination. In each population, all open-pollinated plus artificially cross-pollinated heads
and at least six open-pollinated heads were bagged in mid-July to retain seeds. Some
artificially pollinated heads did not survive due to roadside mowing and insect predation
(Table 4). Two cross-pollinated heads at Picture Creek in 2005 were lost to the study because
they began to drop mature seeds before heads were bagged prior to seed harvest. In early
September, plump and shriveled seeds were counted in each surviving head. A preliminary
test showed that tissue of all 65 plump seeds in a sample became pink when exposed to a
0.1% solution of 2,3,5 triphenyltetrazolium chloride in water, indicating viability (Kearns &
Inouye 1993), and that no shriveled seeds became pink. We ran a two-way ANOVA testing
site, treatment, and interaction effects on seed production. The null hypothesis of no
difference between pollination treatments was tested within individual populations using
individual contrasts. Also, a one-way ANOVA was used to test the null hypothesis of no

seed production differences in open-pollinated heads among populations.
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Pollinator Visitation Experiments

During mid-June, 2005 at Picture Creek, we conducted a controlled experiment to
estimate the number of bee (Bombus, Psithyrus, Xylocopa, or Megachile) visits to individual
heads required to produce as many seeds as produced by each open-pollinated head. We
bagged 60 heads before their disk flowers opened. Twelve heads were allocated to a control
(0 visits) and each of four treatments: 2 visit per day (1 visit every 2 days), and one, three,
and five visits per day. An additional 10 heads that remained unbagged throughout the study
was a natural open-pollination treatment. These 10 unbagged heads were the same open-
pollinated heads that were used in evaluating pollination limitation. The heads of the control
and the ¥ — 5 visit treatments were all located within a 25 m*area. The ten heads of the
open-pollination treatment were located within 20 meters of the other treatments. Each day
for twelve consecutive days, each head of the one, three, and five visits per day treatments
was unbagged until it was visited by a bee the designated number of times. It was then re-
bagged until the next day. Each head of the 2 visit per day treatment was unbagged, visited
once by a bee, and re-bagged every other day. Lepidopterans were not allowed to visit
heads. All experimental heads were bagged after all pollination treatments had been
completed. In early September, the numbers of plump and shriveled seeds in each head were
counted. A one-way ANOVA was used to evaluate the null hypothesis of no seed production
differences among treatments followed by the 1sd procedure for means separation.
Seed Germination and Seedling Fitness

Plump seeds produced by open-pollination at Picture Creek and Snow Hill Road
during 2004 were moist-stratified (4°C) for 50 days and planted in ten 4 x 2 meter blocks at

Picture Creek during early March, 2005. Prior to planting, vegetation was removed from the
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blocks by applying herbicide and by clipping. Twenty seeds from each of the two
populations were planted in two separate 0.5 x 0.5 meter plots within each block. An
unplanted control plot was included in each block. Numbers of seed germinations and
seedling deaths in each plot were recorded weekly from March to July. In late August, 2005,
the total number of leaves, an indicator of fitness, was determined for each surviving
seedling.

We applied a randomized block ANOVA to arc sine transformed data to test the null
hypotheses of no differences for seed germination and seedling survivorship between the two
populations. A mixed model ANOVA with fixed treatment and random block and block by
treatment effects was applied to arc sine transformed measurements for individual plants to
test the null hypotheses of no differences for seedling leaf numbers between populations.

On March 5, 2005, 10 plump seeds produced by open-pollination at Picture Creek
were planted in each of 20 greenhouse pots. On the same date, ten seeds produced by open-
pollination at Snow Hill Road were also planted in each of 20 greenhouse pots. Pots were
lightly watered to maintain a moist surface. Temperatures in the greenhouse ranged from
75°F to 85°F. Numbers of seed germinations and seedling deaths were recorded for each pot
weekly until no more germination occurred. Then, all seedlings but the largest in each pot
were removed. In late August, 2005, the dry weight of the seedling in each pot was
determined.

A mixed model ANOVA with site fixed and plant within site random was applied to
arc sine transformed percentage data for individual pots to test the null hypotheses of no

differences for seed germination and seedling survivorship between populations. The same
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analysis was used with non-transformed dry weight data to test the null hypothesis of no
differences between populations.
RESULTS

Flowering phenology

During late May to early July, 2004, at Picture Creek, smooth coneflower composed
0.4 - 0.7 of the blooming plant community (Figure 1). The blooming periods of Blephila
ciliata (L.) Benth., Erigeron strigosus Muhl., Houstonia longifolia Gaertn., Penstemon
australis Small, and Rosa carolina L. overlapped that of coneflower. Coneflower flowering
time niche breadth, 2.5, was near the middle of the range of niche breadths for the other
species, 1.1 —4.5. The average coneflower flowering time niche overlap with the other five
species, 0.6, also was near the middle of the average overlaps for the other species, 0.2 — 1.0.

In 2004, coneflower flowered at Snow Hill Road and Knap of Reeds from June 4 to
26 and June 4 to 28, respectively. In 2005, flowering occurred at Briardale Road, Lakeside
Drive, and Freudenberg from June 3 to 23, June 9 to 30, and June 6 to 27, respectively. Few
other species shared this blooming period with coneflower at these sites.
Pollen Fertility

Percents of normally staining pollen in sampled heads ranged from 93% to 96% for
Picture Creek, 98% to 99% for Snow Hill Road, 94% to 97% for Knap of Reeds, 98% to
100% for Briardale Rd., 97% to 98% for Lakeside Dr., and 99% to 100% for Freudenberg.
Compatibility

No viable seeds were produced by any head of either bagged treatment. Plump seed

production by open-pollinated heads from Picture Creek ranged from 17 to 68%. Numbers
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of pollen grains in stigma receptive surface samples from bagged and open-pollinated heads
ranged from 0 to 26 and 18 to 42, respectively.
Pollinator Effectiveness

Pollinator effectiveness was evaluated for five groups of Hymenopterans, Apis
mellifera L., Halictidae, Bombus spp. + Psithyrus citrinus Smith, Xylocopa virginica L. and
Megachile spp., two groups of Lepidopterans, Hesperiidae (skippers) and Nymphalidae
(butterflies), and a Hemipteran, Lygaeus kalmii Stal (Table 2). Psithyrus citrinus was
included in the Bombus spp. group because it is so similar to Bombus that it might have been
mis-identified as such during field observations. Generally, the native bees were more
effective than Apis mellifera and the Lepidopterans according to each evaluation criterion.
An exception was that skippers visited flowering heads more frequently than all groups
except Bombus. Based on a linear combination of all four criteria, the five most effective
pollinator groups in order of their effectiveness were Bombus spp., Xylocopa virginica.,
Megachile spp., Lygaeus kalmii, and Apis mellifera. Additional species that were observed,
but at such low frequencies that their effectiveness was not evaluated, included two
Coleopterans, Brachyloptura vegans Olivier and Typocerus zebra Olivier (Cerambycidae),
two Lepidopterans, Eusarca confusaria Hubner (Geometridae) and Harrisina sp.
(Zygaenidae), three Dipterans, Eristalis transverses Wiedemann, Milesia virgineinsis Drury,
and Toxomerus sp. (Syrphidae), and one Hymenopteran, Ammophila sp. probably nigricans
Dahlbom (Sphecidae).
Pollinator Limitation

Insect flower visitation rates varied among populations (P < 0.0001; Table 3). In
2004, the large Picture Creek population had a higher rate than the two small populations.
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However, during 2005, the small Freudenberg population had the highest visitation rate, but
the rate in Picture Creek exceeded those in the two remaining small populations. Picture
Creek had the highest pollinator species richness during both 2004 and 2005 (P < 0.0001
during both years; Table 3). Except for the high number of flower visits in Freudenberg
during 2005, these results are consistent with expectations given pollinator limitation.

Open-pollination augmented with artificial cross-pollination did not produce more
seeds than open-pollination in any population during either year (Table 4). These results are
not consistent with expectations of pollinator limitation. However, during 2005 in Picture
Creek, natural open-pollination produced more seeds, 56%, than did open-pollination
augmented with artificial cross-pollination, 35 % (Table 4). During 2004, there were no
seed production differences from open-pollination between Picture Creek and the small
populations; however, during 2005, open-pollination produced more seeds in Picture Creek
than in the small populations (Table 4).
Pollinator Visitation Experiments

No plump seeds were produced by the unvisited control heads. None of the
treatments that received a specified number of bee visits produced as many seeds as did
open-pollination, 56%; however, three visits per day produced nearly 2/3 as many seeds as
did open-pollination (P < 0.0001; Table 5).
Seed Germination and Seedling Fitness

There were no differences in the field or greenhouse for seed germination or seedling
survivorship between Snow Hill Road and Picture Creek, P = 0.06 and P = 0.70 for field
germination and survivorship and P = 0.51 and P = 0.34 for greenhouse germination and

survivorship (Table 6). On average, each field-raised Picture Creek seedling had one more
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leaf than did each Snow Hill Road seedling (P = 0.018). In the greenhouse, on average, each
Picture Creek seedling weighed approximately 35% more than did each Snow Hill Road
seedling (P <0.0001).

DISCUSSION

The size of the coneflower population at Picture Creek suggests that it is vigorous and
that its reproductive biology can be a reference against which that in other populations can be
compared.

Although Echinacea laevigata auto self-pollinates to a limited extent, it is self-
incompatible and is dependent on insect pollinators for cross-pollination, as are other
Echinacea species (McGregor 1968, Leuszler et al. 1996). Consequently, coneflower
conservation must consider pollinator relationships.

Coneflower flowering time was not separated noticeably from that of other species
blooming during late-May to mid-July at Picture Creek. However, the large coneflower
heads on tall stems were very conspicuous and were visited frequently by large
Hymenopterans and skippers. Some common species that bloomed before and after
coneflower, including Baptisia australis (L.) R. Br. ex Ait. f., Liatris squarrosa (L.) Michx.,
and L. squarrulosa Michx. produced showy flowers or inflorescences that attracted Bombus,
Xylocopa, and Megachile. However, of the species that flowered with coneflower, only Rosa
carolina and Penstemon australis attracted large bees, the most effective coneflower
pollinators. Both of these plant species ceased flowering just as coneflower reached its
blooming peak. No other species that regularly attracted bees were sympatric with the small

coneflower populations.
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The most effective coneflower pollinators were bees, so coneflower management
plans should ensure suitable bee nest sites (Sipes and Tepedino 1995). Although skippers
and butterflies were not relatively effective coneflower pollinators, they were frequent nectar
foragers. Coneflower conservation will promote a large community of these foragers.

In the current study, in all but one instance, flower visitation and visitor species
richness were lower in small populations than in Picture Creek. In 2005, the Freudenberg
population had much higher visitation rates than Picture Creek; however the species richness
for this site was very low. Essentially all of the pollinator visits at Freudenberg were by
Psithyrus citrinus. Given the high visitor frequency of this one species, we speculate that the
Psithyrus nest was very close to the coneflower population. Nevertheless, in the small
coneflower populations, open-pollination did not produce fewer seeds than did open-
pollination augmented with artificial cross- pollination. Therefore, pollinator limitation did
not reduce seed production in these populations. Seed production from open-pollinated
heads was significantly higher than that from open-pollinated heads augmented with cross
pollinations in Picture Creek in 2005. Although there is no obvious explanation for this
unexpected result, it does not suggest the occurrence of pollinator limitation at Picture Creek.
Studies of Verticordia fembrilepis (Turcz) (Yates and Ladd 2005) and some species in
renosterveld in South Africa (Donaldson et al. 2002) also reported a lack of pollinator
limitation. The plants in these studies were visited by generalist pollinators, as was
coneflower (Donaldson et al. 2002, Yates and Ladd 2005).

Results of our pollinator visitation experiment provided an explanation for our
finding no pollinator limitation in small populations even though insect visits in these

populations were few. In this experiment, three bee visits per day produced 35% viable
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seeds. Since the duration of pollinator activity observed in all populations was at least 7 hr /
day, the seemingly low insect visitation rates in Snow Hill Road and Knap of Reeds, 0.3 and
0.5 times / 15 min, respectively, corresponded to 9 and 14 visits / day. Clearly, insects
visited heads in these small populations three and five times as often as required for 35%
seed production. Consequently, it is not surprising that seed production of open-pollinated
heads in these small populations was approximately 50% and was not pollinator limited.
Apparently, insect visits would have to be as few as 0.1 —0.2 / 15 min. (approximately 3 — 5
/7 hr pollinator day) for pollinator limitation to reduce seed production. After a coneflower
head is visited a few times by bees, subsequent visits that day benefit the visitors without
increasing seed production. Similarly, Silander and Primack (1978) reported that just a
single bee visit to an Oenothera fruiticosa flower deposited enough pollen on the stigma to
fertilize 70% of the ovules and that additional pollinator visits beyond three did not increase
seed production.

The absence of pollinator limitation in small Echinacea laevigata populations does
not correspond with reports of pollen limitation in small populations of Echinacea
angustifolia DC. in the North American tall grass prairies (Wagenius 2006). It was
speculated that the observed pollen limitation, as indicated by stigmas which did not wither,
was caused by reduced pollinator abundance in fragmented habitats or by mate scarcity.
Apparently, the prairie populations of E. angustifolia were more effectively isolated and/or
smaller than were the E. laevigata populations in our current study. Another possible
explanation of these different results could be that pollinator populations are more common

in the eastern U.S. than in the Midwestern prairies.
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During 2005, open-pollination produced more seeds per head in Picture Creek than in
the small populations of that year. Our previous results indicated that the mechanism(s)
limiting seed production in these small populations was not pollinator limitation. However,
we noted a mechanism in the small populations that could explain reduced seed production in
their open-pollinated heads. During several successive typically hot and sunny days, all disk
flower anthers in these populations failed to dehisce. These unopened anthers contained very
few pollen grains. This phenomenon, which precluded pollination for several days, was
preceded and followed by periods of normal anther dehiscence and normal amounts of
pollen. This mechanism was not observed in Picture Creek or in the small populations
during 2004. Reduced coneflower pollen production could have been a symptom of
inbreeding depression, as has been shown in Mimulus guttatus (Carr and Dudash 1995,
1997).

Seed production in small populations was reduced not only by abnormal anther
development, but also by mechanisms that reduced the probability of heads surviving to
maturity. In early June of both 2004 and 2005, we observed a long-horned beetle,
Hemierana marginata Fabricus, chewing into and laying eggs in flowering stalks. On each
damaged stalk, the tissue, including the flower head, died above the point of beetle damage.
No heads died on undamaged flowering stalks. Beetle damage caused the death of 18 heads
at Briardale Road and four at Lakeside Drive during 2005 and several heads at Snow Hill
Road during 2004. Head survival in small roadside populations was also vulnerable to
human-mediated actions. For example, ten heads involved in an experimental pollination
treatment at Lakeside Drive were mowed down before seeds developed. Reduced seed

production in small populations may not be an immediate threat to population persistence;
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however, it does represent a reduced supply of propagules that could otherwise aid
population expansion or the founding of new populations. It also represents a loss of novel
progeny genotypes.

Road widening and roadside utility maintenance can eliminate entire roadside
populations by destroying plants. Given these immediate threats and the consequences of
limits to seed production, small roadside populations teeter on the brink of extirpation.
Conservation of small coneflower populations need not be concerned with pollinator
limitation of seed production; instead, it should be concerned with reducing long-horned
beetle damage and human-mediated threats to head survival.

During 2004, coneflower seedlings from the large Picture Creek population were
larger, possibly more fit, than those from the small Snow Hill Road population. Similarly,
Wagenius (2000) reported that E. angustifolia seedlings from large populations were more
vigorous than those from small populations and suggested that this reduced fitness may have
been caused by inbreeding depression. Conservationists should consider raising seedlings
from small populations and then transplanting them into neighbor populations, as has been
suggested for the federally endangered Lysimachia asperulifolia (rough-leaf loosestrife)
(Franklin et al. 2006). This method might increase genetic variation within individual
populations and reduce inbreeding.

Although seeds were produced in all of the studied coneflower populations, we did
not notice naturally occurring seedlings in any population. Others have commented on the
lack of seedlings or their infrequent occurrence (Philippi et al. 2001, Franklin, pers. comm.).
Even though our study proved that coneflower seeds can germinate and seedlings can survive

in the field, appropriate conditions for seed germination and/or seedling survival, apparently,
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do not frequently occur in piedmont habitats. This recruitment failure means that novel
genotypes are often wasted as dispersed seeds lose their viability. Since recruitment of novel
genotypes contributes to the ability of a population to adapt to changing environments, it is
important that future coneflower research address seedling recruitment requirements.

We offer the following speculation to stimulate future work. We suggest that
coneflower seedling recruitment occurs infrequently, only when viable seeds are dispersed
into recently disturbed sites with bare soil. This may have occurred when the powerline
right-of-way at Picture Creek was installed through a dry oak forest that included glade
openings supporting small coneflower populations. Given the increased light resulting from
the construction, glade plants near the right-of-way may have produced seeds that were
dispersed into the newly opened right-of-way and seedlings may have established on bare
soil to initiate the large population that currently occurs at Picture Creek. Seedling
recruitment may have continued for several growing seasons, until the bare soil became
vegetated. If seedling recruitment is, in fact, tied to soil disturbance, land managers might be

able to promote recruitment by creating local soil disturbances in flowering populations.
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Table 1: Populations of Smooth Coneflower used for this study.

Year No. flowerin
Population | included Location : g Habitat
; rosettes
in study
60 meter wide powerline
2005 78.73682°W . yP i
Barrens forest
Snow Hill 2004 36.07539°N ) S;If‘gglr‘;:t adjacent to an
Road 78.86295°W
Narrow, abandoned, and
0 overgrown powerline
Relggs%?efek 2004 73 86 7193§) 6667°\I;IV 31 right-of-way, adjacent to
: Knap of Reeds Creek
Briardale 2005 36.08833°N s i’iﬂfﬁgrﬁc’;the edge of
Road 78.88911°W
Lakeside 2005 36.09081°N 17 Roadside on the edge of
Drive 78.89060°W an oak forest
0 small forest clearing
Freudenberg 2005 36'069650 N 48 adjacent to an abandoned
78.86100°W :
railroad easement
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Flowering Phenology at Picture Creek (2004)
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Figure 1: Flowering Phenology at Picture Creek
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Table 2: The most effective pollinators of smooth coneflower.

. Avg. # Avg. % Average
Location of . Sum
Pollinator ollen coneflower | coneflower | visits/head/15 of Rank of
ou n r’; ins on pollen in pollen in minute ou oub sum
group g pollen load | pollen load group | group
body b ranks
sample sample n=77
Rank Rank Rank Rank
Bombus spp.° | 13 | 3.8 7 51 7 72 5 40 8 27 8
Xylocopa 3 4 8 110 8 86 6 0.6 4 26 7
virginica (L.)
Megachile 13 | 34 5 36 5 72 5 5 6 21 6
spp.*
Lygaeus 3 135 6 14 4 92 7 0.5 3 20 5
kalmii Stal
Apis mellifera | 1 1 3 2 1 95 8 0.7 5 17 4
Halictidae® 1 4 42 6 64 4 0.3 1 15 3
Hesperiidae' 5 0.6 2 3 2 50 2 6 7 13 2
Nymphalidae®* | 3 | 0.03 1 4 3 60 3 0.3 2 9 1

* Number of insects evaluated for the first three criteria

® Represents 77 total observation periods at Picture Creek

¢ Includes B. bimaculatus Cresson, B. griseocollis Degeer, B. impatiens Cresson, B. pennsylvanicus
Degeer and Psithyrus citrinus Smith.

4Includes M. brevis Say, M.mendica Cresson, M. sculpturalis Smith, M. texana Cresson, and M.
xylocopoides Smith.

¢ Includes Augochlorella gratiosa Smith and Halictus ligatus Say

" Includes Atrytone logan Edwards, Atrytonopsis hianna Scudder, Epargyreus clarus Cramer, Polites
sp. probably themistocles Latreille and Thorybes bathyllus J.E. Smith

¢ Includes Euptoieta claudia Cramer, Speyeria cybele F., and Vanessa virgineinsis Drury
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Table 3: Average head visitation rates and visitor species richness
in coneflower populations.

Population # 15 min. Avg. no. visits/ Avg.
intervals head/ 15 min. visitor
(n) species
richness
2004
Picture Creek 41 1.8 a' 41 a
Knap of Reeds 7 0.5 b 1.0 b
Snow Hill Road 5 03 b 07 Db
2005
Picture Creek 36 49 d 40 ¢
Briardale Road 12 1.5 e 23 d
Lakeside Drive 6 26 e 23 d
Freudenberg 6 92 ¢ 1.8 d

'Lsd groupings were from analysis of square-root transformed data.
a-value for Isd <0.05

Means within a column within individual years that do not have a letter in common are significantly
different using the Isd procedure.
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Table 4: Average seed production from cross- and open- pollinated treatments within each

population.
# heads # hizg; for Average
. Pollination initiated % viable 1
Year Population treatment P-value
treatment for each seeds per
that
treatment . head
survived
. Open 24 24 42 a’
Picture Creek Open - Cross 10 10 47 0.31
. Open 6 6 52 a
2004 | Snow Hill Rd. Open + Cross 1 > = 0.36
K Open 15 15 50 a
ap of Reeds Open + Cross 0 0 - ]
. Open 10 10 56 ¢
Picture Creek Open + Cross 10 3 35 0.002
. Open 15 15 22 ¢
Briardale Rd. Open + Cross 3 3 7 0.4
2005 Open 8 8 38 d
Lakeside Dr. Open - Cross 5 4 77 0.37
Open 10 10 42 d
Freudenberg Open -+ Cross 5 5 49 0.29

! P-values indicate the difference between seed production from open- and cross-pollination

treatments within each population.
? Lower case letters indicate significant differences based on Isd groupings in seed production among
open-pollinated treatments from each population within individual years
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Table 5: Average percent viable seeds per head for different numbers of bee visits per day

(Picture Creek 2005)’
Number visits per day Average % viable seeds per head
0 0
0.5 14 ¢*
1 13 ¢
3 36 b
5 19 ¢
Open-pollinated 56 a

" n=12 flowering heads for each treatment, 0=.05

? Lower case letters indicate significant differences based on Isd groupings in seed
production among visitation treatments.
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Table 6: Average seed germination, seedling survivorship, and seedling fitness
in the field and greenhouse

. Seed Seedling Number of
Population . ; .
and treatment Germination | Survivorship Ieaves_per
(%) (%) seedling
Picture Creek
open- 40.5 a' 87.9 a' 5.07 a'
. pollination
Field Snow Hill
Road open- 545 a 92.1a 4.05 b
pollination
. Seed Seedling Seedling
Population . ; . .
and treatment Germination | Survivorship | dry weight
(%) (%) (9)
Picture Creek
open- 65.5 a' 97.4 a' 21.99 a
pollination
Greenhouse Snow Hill
Road open- 555 a 98.8 a 1435 b
pollination

"Lsd groupings from analysis of arc sine transformed data

Means within a column within separate experimental environments that do not have a letter in common are

significantly different using the Isd procedure
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