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ORIGINAL PAPER
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Abstract We studied the breeding system and

flower visitors of the endangered plant, Penste-

mon haydenii, at several south-central Wyoming,

USA occurrences. In agreement with earlier

studies of the species 300 km to the east in

Nebraska, we found Wyoming plants to be self-

incompatible and pollinator-dependent for sexual

reproduction. Flower visitors were several species

of native bees in the families Apidae (particularly

bumblebees), Halictidae (small sweat bees), and

Megachilidae (especially in the genus Osmia);

and the masarid wasp Pseudomasaris vespoides.

Especially important was Osmia brevis, an abun-

dant megachilid bee, and one of only two species

(the sweat bee Lasioglossum (Dialictus) pruino-

sum was the other) present at all five sites. As in

Nebraska, fruit set did not differ between our

experimental cross-pollination treatment and an

open-pollinated control. However, unlike Nebras-

ka, open-pollinated treatments in Wyoming pro-

duced significantly fewer seeds per fruit than the

experimental out-crossing treatment. We discuss

several possible explanations for seed limitation:

(1) a scarcity of pollinators early in the flowering

season; (2) resource competition for developing

ovules on open-pollinated inflorescences but not

on experimental inflorescences; (3) the deposition

of self pollen through intra-inflorescence and

intra-genet pollinator movements; (4) few S-

alleles and mating types in the Wyoming meta-

population compared to the Nebraska metapop-

ulation, from which it likely derives.

Keywords Breeding system � Reproductive

limitation � Bees � Pollinators � Beardtongue �
Rare � Conservation

Introduction

Breeding systems of plant species may vary

among populations for numerous reasons, includ-

ing competition for pollinators (Barrett and

Eckert 1990). Minority disadvantage in competi-

V. J. Tepedino (&) � T. L. Griswold
USDA ARS Bee Biology & Systematics Lab,
Department of Biology, Utah State University,
Logan, UT 84322-5310, USA
e-mail: andrena@biology.usu.edu

T. R. Toler
Department of Biology, Utah State University,
Logan, UT 84322-5305, USA

Present Address:
T. R. Toler
HDR Engineering Inc., 3995 S 700 E, Suite 100, Salt
Lake City, UT 84107-2594, USA

B. A. Bradley
Juniata College, 1700 Moore Street, Box 1071,
Huntingdon, PA 16652, USA

J. L. Hawk
1016 Clouet St., New Orleans, LA 70117, USA

123

Plant Ecol (2007) 193:59–69

DOI 10.1007/s11258-006-9248-7



tion for pollinators in either small populations of

rare endemics (Jain 1976; Tepedino 1979; Karron

1991; Weller 1994; Aizen et al. 2002), or in

populations that result from colonization (Baker

1955; Stebbins 1970) is thought to commonly

drive such breeding adaptations as self-compati-

bility and autogamy (Levin 1972a, b; Busch 2005;

Herlihy and Eckert 2005; Moeller and Geber

2005). Colonization of new, distant areas has also

been hypothesized to lead to changes in pollina-

tor service (Stebbins 1970).

In this report we apply these hypotheses

about breeding systems and pollinators to a rare

psammophyte of the Great Plains of North

America. Penstemon haydenii S. Wats. (Scroph-

ulariaceae) was described in 1891 and listed as

endangered under the US Endangered Species

Act in 1987, when the entire population was

estimated at 3,000–5,000 plants at 13 sites in the

sandhills of western Nebraska (Caha et al. 1998;

Heidel 2005). In 1996 its range was extended

westward 300 km when a disjunct or relictual

metapopulation (Husband and Barrett 1996) was

discovered in south-central Wyoming sand dunes

(Fertig 2001; Heidel 2005). As P. haydenii is

thought to have arisen as a hybrid of the Great

Plains taxa P. angustifolius and P. grandiflorus

(Freeman 1981, 1986) after the formation of

sand dunes in southern and central Wyoming

and western Nebraska during the late Pleisto-

cene, 10,000–15,000 years BP (Ahlbrandt et al.

1983; Muhs et al. 1997; Mayer and Mahan 2004),

the Wyoming metapopulation was likely founded

by one or more colonizing episodes from

Nebraska.

Results of an earlier study of part of the

presumed parental population in Nebraska

(Tepedino et al. in press) set a guidepost against

which to compare plants in the Wyoming meta-

population. Nebraska P. haydenii flowers are self-

incompatible (see Flessner and Stubbendieck

1992 for a contrary view), and were visited

commonly by several species of nectar and

pollen-collecting native bees: large apids in the

genera Bombus and Habropoda, large- and

intermediate-sized megachilids, primarily in the

genus Osmia, and halictids in a range of sizes

(Lawson et al. 1989; Tepedino et al. in press;

nomenclature follows Michener 2000). There was

no indication of reproductive limitation (Tepedi-

no et al. in press). Here we ask the following

questions: (1) Do P. haydenii plants in Wyoming

show any evidence of self-compatibility or autog-

amy? (2) Is there any indication of limitation of

sexual reproduction? (3) Are the important

flower visitors the same, either taxonomically or

ecologically, as those visiting Nebraska flowers?

(4) What recommendations can we make to

conservationists and land managers to enable

seed production of this rare taxon?

Methods

Species description

Penstemon haydenii is a member of the subgenus

Penstemon Section Coerulei (Nold 1999) which

reproduces both sexually, and vegetatively by

rhizomes (Fritz et al. 1992). It is characterized by

thick, succulent and glaucous leaves, and boat-

shaped anthers that dehisce across the connective.

Fragrant milky-blue to pale lavender and pink

bilabiate flowers, 22–30 mm long and usually with

nectar guides, are broadly dilated above the

sepals and project horizontally from the vertical

inflorescence. As is typical of Penstemon flowers,

there are upper and lower pairs of anthers, and a

sterile staminode (Straw 1956) which varies from

hairy to hairless. The upper pair of anthers

dehisce up to 24 h after the flower opens, and is

followed by dehiscence of the lower pair. Initially,

the style lies above the anthers, then descends and

bends as the anthers dehisce. Occasionally, the

style is bent by the time the first pair of anthers

dehisces (Hawk and Tepedino in press). Typi-

cally, a few 100 flowers per ramet are produced in

compact, cylindrical inflorescences (average of

four per ramet), each with about ten whorls

(Tepedino et al. in press).

Sites

We studied P. haydenii in 2005 at five sites in two

of the three known occurrences in the Ferris

Dunes, Carbon Co., WY, USA (Stokes and

Gaylord 1993). Average precipitation in the area

is about 25 cm/year, most falling in April and
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May. The sites are sparsely vegetated, early

successional sand dunes at 2,000–2,400 m eleva-

tion. All but the steep Bradley Peak (BP)

occurrence are attenuated on a northeast-south-

west axis. The BP occurrence is at the west end of

the Seminoe Mountains, and is the furthest south.

The remaining four sites are part of the Bear

Mountain occurrence at the east end of the Ferris

Mountains. Junk Hill (JH) is about 6 km north of

BP and about 1.5 km south of Bear Mountain

East (EBM) and Bear Mountain West (WBM).

The latter two steep occurrences are about 0.2–

0.3 km apart at the closest point. The Far East

Bear Mountain site (FEBM) is continuous with

EBM but differs in aspect, being a spit-like sandy

gulley that stretches east of the main EBM

occurrence. Estimated population sizes in 2004

were: BP-500; JH-1750; EBM, FEBM-1900;

WBM-800 (Heidel 2005; see also for detailed site

descriptions, maps, and pictures).

Breeding system

We studied the breeding system by excluding

insects from experimental inflorescences using

bags fashioned from white nylon tulle with 1 mm2

mesh. Inflorescences were bagged prior to bloom-

ing, unbagged briefly for treatment and rebagged

immediately thereafter. We applied four treat-

ments in two replicates, one at each of two sites in

the Bear Mountain occurrence (JH, FEBM):

autogamy—automatic, unassisted, self-pollina-

tion; geitonogamy—pollination using donor pol-

len from fresh anthers of another flower on the

same plant (a test of self-compatibility); xenoga-

my—pollen donor a flower on a nearby plant,

usually 3–10 m, but always >1 m, distant); open-

pollinated control (FEBM only, time constraints

precluded a JH treatment)—an unmanipulated

flower at the same phenological stage as other

treated flowers, but on another inflorescence,

usually on the same, sometimes (thrice) on a

nearby ramet when necessary. At each site, each

treatment (except the control) was applied to a

different flower on each of 30 (FEBM) or 14 (JH)

inflorescences, each on a different plant. Since

untreated flowers on bagged inflorescences (al-

ways 30 or more) were unmanipulated and

received no experimental pollen, there was little

likelihood of reallocation of limited resources

within an inflorescence (Lee 1988). We used v2

statistics (including partitions) to analyze fruit

production, and one-way ANOVA for seeds per

fruit.

Flower visitor collections and observations

At least once per week, for 3 weeks, we collected

and observed insects at the flowers throughout

the day at four sites beginning June 8. We made

only one trip to the fifth site, BP, on our final day,

June 27. Collections had dual purposes: speci-

mens for identification and pollen analysis. We

did not attempt to be exhaustive when collecting;

if we could identify an insect (e.g., the unique

wasp Pseudomasaris vespoides) we did not collect

it. The collector walked through the site and

captured insects seen on the flowers, either with a

butterfly net or directly into a killing vial. Insects

were pinned, labeled and identified later. Collec-

tions and observations were sometimes alternated

but we observed more often than we collected.

Observations allowed us to estimate visitation

rates. Usually, one person at a site observed a

known number of flowers (x = 20.5, SD = 5.4,

N = 56) for one or more 30-min periods in

morning and afternoon, with one or more 30-

min collecting periods interspersed between

them. Visitation rates were calculated as total

visits per flower per hour (irrespective of taxon)

and were also partitioned by taxonomic group.

When convenient, we also recorded insect behav-

ior on the flowers, and whether they were likely

pollinators.

Examination of pollen grains

We identified pollen grains in the scopa (pollen

baskets) of bees actively collecting pollen and on

the bodies of all bees carrying moderate amounts

of pollen. We scraped pollen from the scopa with

a clean forceps, placed it on a slide, applied a drop

or two of alcohol, stained with basic fuchsin and

applied moderate heat (Beattie 1971). The pollen

slides were examined under a compound micro-

scope at 400·; 500 grains were categorized as

either P. haydenii (we found no other concur-

rently blooming beardtongues during our study)
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or other by comparison with a reference collec-

tion. We sampled pollen only from bees that had

accumulated intermediate-sized or larger pollen

loads (at least some hairs in the pollen-collecting

apparatus obscured by pollen); we did not sample

bees with smaller pollen loads because they

represented relatively few pollen-collecting visits.

We scored the distribution of pollen grains on

the bodies of flower-visiting bees under a binoc-

ular scope by envisioning a line that bisected each

bee transversely. The line divided the three body

sections (head, thorax, abdomen) roughly into

dorsal and ventral halves. We then qualitatively

scored the presence of pollen grains into none-to-

few or moderate-to-many for each of the six body

regions. Pollen was sampled by dabbing a square

of stain-impregnated gel on those body segments

with appreciable pollen, and preparing slides as

described above.

Results

Breeding system

The results of the breeding system studies were

the same for FEBM and JH (Table 1). The

xenogamy treatment flowers produced signifi-

cantly more fruits than the autogamy or geito-

nogamy treatment flowers (FEBM, v2 = 53.4,

df = 2, P < 0.0001; JH, v2 = 25.3, df = 2,

P < 0.0001); the sites did not differ in the fruiting

success of xenogamy flowers (v2 = 0.48, df = 1,

P > 0.45).

The autogamy and geitonogamy treatment

flowers set few fruits (usually none) and did not

differ from each other. Only three of 43 geito-

nogamy flowers (and none of 43 autogamy flow-

ers) set fruit; the three geitonogamously produced

fruits produced a total of 21 seeds. For compar-

ison, xenogamously produced fruits contained an

average of about 25 seeds at FEBM and 29 at JH;

there was no significant difference between the

two sites (t = 1.10, df = 30, P = 0.28).

Reproductive limitation

There is preliminary evidence that open-polli-

nated seed production at both sites was less than

an average flower’s capacity. While there was no

difference in fruit set at FEBM between the

xenogamy treatment and the open-pollinated

control treatment (Table 1), there was a signifi-

cant difference in the number of seeds per fruit:

open-pollinated flowers produced fewer seeds

(t = 2.57, df = 29, P = 0.016). Comparison of the

xenogamy treatment at JH with the open-polli-

nated sample from FEBM, gave a similar result

(t = 3.56, df = 19, P = 0.002).

Flower visitors

We collected 26 species of bees across the five

sites (Table 2). The masarid wasp, Pseudomasaris

vespoides, a Penstemon specialist (Cooper 1952;

Torchio 1974), was present in moderate numbers

at all sites but was not collected. Other flower

visitors, e.g., dipterans, lepidopterans, were

uncommon. In total, 19 of these species were

either incidentals (17 were represented by one or

two individuals and two by three) or species that

have been recorded frequently on Penstemon

flowers elsewhere but were uncommon on the

Ferris Dunes (e.g., Habropoda morrisoni). The

number of species collected was not related to

collecting effort: most species were captured at

FEBM, where most effort was expended but the

least effort yielded the second largest number of

species (BP). Only two species, the Penstemon

specialist Osmia brevis (Crosswhite and Cross-

white 1966; Tepedino et al. 1999; unpublished

data) and the generalist, Lasioglossum (Dialictus)

pruinosum (unpublished data), were present at all

sites.

Table 1 Results of P. haydenii breeding system treat-
ments at two Wyoming sites

A G X O

Far East Bear Mountain
Fruit 0 1 21 21
No fruit 29 28 7 7
Seeds/fruit (SD) – 8 25.0 (10.2) 15.9 (6.2)
Junk Hill
Fruit 0 2 11 –
No fruit 14 12 2 –
Seeds/fruit (SD) – 6.5 (3.5) 29.1 (10.1) –

A = autogamy; G = geitonogamy; X = xenogamy; O =
open-pollinated control; SD = standard deviation
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Osmia brevis females foraged for both nectar

and pollen. Initially, they gathered pollen by

rubbing head and thorax across the anthers before

transferring pollen to the ventral scopa (Fig. 1).

Like their Nebraska conspecifics, Lasioglossum

species crawled down the corolla tube, presumably

for nectar, and collected pollen by addressing the

anthers directly while hanging from the stamens in

an inverted position. In so doing, they also

contacted the stigma and accumulated much pollen

on the ventral thorax and abdomen (Fig. 1). Most

O. brevis and Lasioglossum females collected

pollen, and had high percentages of Penstemon

pollen in their scopa (Table 2).

Flower-visitation rates

On average, flowers were visited at least once

(usually twice) per hour at all sites though

variation both between and within sites was

considerable (Table 3). Visits by Osmia bees

were most common at all but the JH site. Halictid

bees were present at all sites but were common

visitors at only two sites. Visitation by other taxa

was uncommon.

We found differences in flower-visitation

rates among days within sites, but not across

times. At three of the four sites (FEBM, EBM,

WBM), flower visitation increased with date

(Fig. 2). At all three sites, the increase was due

both to an increase in Osmia bees (almost all O.

brevis), and to a simultaneous decrease in the

number of available flowers as the bloom

season waned. The JH site showed a decrease

in visitation rates between the initial and

subsequent observation days. The decline was

due to a decrease in both Osmia and Lasio-

glossum bees.

Table 2 Bee species collected from P. haydenii at five sites in Carbon Co., WY, with numbers collected /numbers with
pollen loads (NC/P) and mean (±SD) percentage of P. haydenii pollen in the pollen loads (%Ph)

Species FEBM EBM WBM JH BP NC/P %Ph

Andrena sp. X 1/1 99.6
A. sp. 1 X 1/0 –
A. sp. 2 X 1/1 1.1
A. sp. 3 X 1/0 –
Lasioglossum(Dialictus) albohirtum (Crawford) X 2/2 89.2 ± 6.5
L. (Dialictus) pruinosum (Robertson) X X X X X 60/35 83.4 ± 25.6
L. (Lasioglossum) sisymbrii (Cockerell) X X X 8/8 80.8 ± 14.3
L. (Dialictus) sp. A X X 2/2 70.9 ± 40.9
L. (Lasioglossum) trizonatum (Cresson) X 3/3 50.8 ± 43.7
Agapostemon splendens (Lepeletier)a X X X 8/4 57.1 ± 46.7
A. angelicus/texanusa X 1/0 –
Halictus tripartitus Cockerell X 1/1 98.4
Osmia brevis Cresson X X X X X 94/86 93.4 ± 13.9
O. cyaneonitens Cockerella X X X X 5/3 97.4 ± 0.9
O. integra Cressona X X X 15/13 65.9 ± 37.5
O. proxima Cresson X 2/2 52.7 ± 60.1
O. sanrafaelae Parker X 1/1 24.0
Atoposmia (Atoposmia) n.sp. 6 X X 3/1 100
Ceratina neomexicana Cockerell X 2/2 75.5 ± 17.7
Eucera fulvitarsis (Cresson) X 1/0 –
Anthophora sp. X 1/0 –
Habropoda morrisoni (Cresson)a X 1/1 7.4
Bombus appositus Cresson X 1/1 98.4
B. centralis (Cresson) X X 2/2 52.0 ± 67.6
B. fervidus (Fabricius)a X X X 4/4 46.7 ± 40.8
B. huntii Greenea X X 2/2 96.4 ± 5.1
Total species 15 9 10 3 12
Total (min/days) 270-3 300-3 330-3 180-4 270-1

Total minutes and number of days spent at each site indicates collecting effort. Site abbreviations as in text
a Denote species collected in both Wyoming and Nebraska
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There were no clear visitation differences

between morning and afternoon (Table 4). Hal-

ictid and Osmia bees, and Pseudomasaris wasps

distributed their flower visits equally throughout

the day. Only bumblebees seemed to express a

preference for morning visits but they were

uncommon at all sites except FEBM and statis-

tical comparisons are inadvisable.

Examination of pollen loads

The most common bee species on P. haydenii

flowers tended to collect the most P. haydenii

pollen. Only six species were captured five or

more times on the flowers across all sites
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Fig. 1 The percent of
total bees that carried
moderate to many P.
haydenii pollen grains on
each of six body sections
(D = dorsal; V = ventral;
H = head; T = thorax;
A = abdomen). Species
are grouped by family,
A = Megachilidae;
B = Halictidae; species
abbreviations identifiable
by comparison with
complete names
in Table 2

Table 3 Mean (±SD) bee visits/flower/hour (VFH) at five
Wyoming sites

BP JH WBM EBM FEBM

Mean VFH 1.19 1.99 2.39 1.68 2.06
±SD 1.41 3.32 2.51 2.24 2.84
Range 0–3.3 0–12.5 0–8.3 0–8.5 0–14.7
N 9 15 15 21 34
Osmia 0.56 0.57 2.09 1.34 1.49
Halictids 0.54 1.31 0.10 0.28 0.15
Bombus 0.03 0.0 0.18 0.04 0.22
Pseudomasaris 0.05 0.11 0.02 0.02 0.19
Minutes 270 425 445 630 1080

Observation effort at each site indicated by minutes
observed and number of observation periods (N). Mean
VFH is also partitioned by taxa at lowest level
recognizable in field. Site abbreviations as in text
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(Table 2). These six species carried between 57–

97% Penstemon pollen in their scopae

(mean = 79.7% ± 15.6). The three most common

species averaged 80.9% Penstemon pollen. Spe-

cies captured fewer than five times were collect-

ing less Penstemon pollen (mean = 64.2% ± 34.1)

and were more variable in the percent they

carried (range 1–100%).

Examination of body pollen

Pollen distribution across the bodies of bee

species represented by five or more females that

carried at least moderate amounts of Penstemon

pollen grains on the six body parts is shown in

Fig. 1. Individuals of the large species of Osmia

tended to carry pollen on the dorsal, but not the

ventral, head and thorax. They carried little

pollen on the dorsal abdomen. The high numbers

of Osmia bees with pollen on the ventral abdo-

men is due to the ventral scopa. In contrast,

Lasioglossum (Dialictus) pruinosum carried little

pollen anywhere except the ventral abdomen.

Lasioglossum sisymbrii females carried moderate

or greater amounts of pollen on the ventral thorax

and abdomen. These halictids appear to carry
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Fig. 2 Visitation rates to flowers of P. haydenii by five taxa of bees at four sites in south-central Wyoming, June 2005. Site
abbreviations as in text

Table 4 The percent of collecting periods at each site in which at least one flower visit was made by the taxa shown

Site N Osmia Halictids Bombus Pseudomasaris

AM PM AM PM AM PM AM PM

BP 3/6 66.7 66.7 66.7 66.7 33.3 0.0 33.3 0.0
JH 6/9 16.7 55.6 33.3 55.6 0.0 0.0 16.7 11.1
WBM 8/7 75.0 42.9 25.0 42.9 50.0 0.0 12.5 14.3
EBM 9/12 44.4 66.7 44.4 66.7 22.2 8.3 11.1 8.3
FEBM 21/15 61.9 60.0 52.4 20.0 28.6 20.0 19.0 26.7P

47/49 55.3 59.2 44.6 46.9 27.7 8.2 17.0 14.3

AM = before 12:00 h; PM = after 12:00 h. N = number of AM/PM observation periods. Site abbreviations as in text
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larger amounts of pollen on their ventral surface

because of the upside-down manner in which they

address the anthers when foraging for pollen

(Tepedino et al. in press).

Discussion

The predictions of Baker (1955), Stebbins (1970)

and many others, that self-compatibility and

autogamy more often assure sexual reproduction

in disjunct and peripheral plant populations than

in centrally located populations, are frequently

confirmed (e.g., Busch 2005; Moeller and Geber

2005). Such predictions of reproductive assurance

also sometimes hold for small, compared to large,

populations (e.g., Stone et al. 2006) and are also

thought to apply to populations of rare plants

(e.g., Jain 1976). They were not, however, con-

firmed for this disjunct population of the rare P.

haydenii in Wyoming, where plants were neither

autogamous nor self-compatible. The mating

system of Wyoming plants was indistinguishable

from that of plants in the presumed parental

population in Nebraska (Tepedino et al. in press).

This is likely due, at least in part, to the highly

attractive, nectar and pollen-rich, flowers, and to

the abundance of plants in the areas of study.

Indeed, P. haydenii seems another example of a

locally ‘‘common’’ rare plant (Lesica et al. 2006).

Studies of the pollination biology of species with

disjunct distributions are less frequent for rarities

such as P. haydenii than for common species (e.g.,

Robertson and Wyatt 1990; Sánchez-LaFuente

2002). In studies of more common species, visitors

to distant populations sometimes differ substan-

tially from those in large, central populations,

sometimes in agreement with differences in flower

characteristics. For example, Sánchez-LaFuente

(2002) found larger pollinators to be more effective

visitors where flowers were larger. However, close

agreement between plant and pollinator morphol-

ogy is by no means universal (Herrera 1996), and

patterns of plant-pollinator association are fre-

quently circumstantial.

A comparison of pollinators of disjunct popu-

lations of Opuntia, Krameria, Prosopis, and He-

lianthus between the Sonoran Desert of Arizona

(USA) and the dry oak-juniper grasslands of

central Texas, approximately 1,300 km to the

east, is instructive: Simpson and Neff (1987)

found no common pattern of plant-pollinator

association. Opuntia flowers in Arizona and

Texas were pollinated primarily by bees in the

genera Diadasia and Lithurgus, in many cases the

same species. Results for Krameria were similar:

species of the bee genus Centris were common

visitors in both areas. In contrast, there was little

overlap in Prosopis pollinators between Arizona

and Texas, possibly because of its generalized

pollination system. Prosopis is also thought to

have extended its distribution east from Arizona

to Texas fairly recently. Conversely, Helianthus is

thought to have originated in Texas and dispersed

west to Arizona with some of its many specialist

pollinators. In Arizona it also attracted bees

specialized on other taxa of Asteraceae. Thus,

plant taxa differ with circumstance in the simi-

larity of their pollinators in disjunct areas.

Of these examples, P. haydenii most resembles

Helianthus. Evidently, a few bee species either

followed it to Wyoming or were already present

and were soon joined by other local generalists

and specialists. Although only 7 of 45 bee species

collected on P. haydenii in Wyoming and Nebras-

ka were present in both areas (Table 2), the

faunas are similar in taxonomic relatedness of

visitors and in their size and behavior on the

flowers. Indeed, they might be regarded as eco-

logical equivalents. For example, in Wyoming,

the western species Osmia brevis appears to fill

the role of the more easterly distributed O.

distincta in Nebraska. Though O. brevis is larger,

both species collect nectar, and accumulate pollen

on the dorsal head and thorax before packing it

into the ventral scopa. Several species of Lasio-

glossum (Dialictus) in Nebraska are replaced by

several others of similar size and behavior in

Wyoming. Bumblebees are about equally abun-

dant in both areas with some overlap in species.

The most striking difference between the meta-

populations involves three bee species, two of

which (O. cyaneonitens, Habropoda morrisoni)

were abundant in Nebraska but uncommon in

Wyoming. The third species, Hoplitis pilosifrons,

a megachilid with an easterly distribution, was
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abundant in Nebraska but absent in Wyoming

where no analogous species was obvious.

We uncovered preliminary evidence that flow-

ers in Wyoming (but not Nebraska) experienced

reproductive limitation (Table 1): significantly

fewer seeds per fruit were produced in the

open-pollinated treatment than in the xenogamy

treatment. This finding is tentative for at least two

reasons: (1) it is based on a moderate sample size

of 28 open-pollinated flowers and could be

biassed (although it agrees with another set of

open-pollinated flowers whose staminodes were

removed; Hawk and Tepedino in press); (2)

reproductive limitation is most accurately applied

to the whole plant (Zimmerman and Pyke 1988);

the under-producing, open-pollinated control

flowers all opened and senesced before the

sudden increase in pollinator visitation rates

(Fig. 2) and may demonstrate seasonal pollinator

limitation (Price et al. 2005) which could be

compensated for by increased seed production

from flowers produced later in the season.

Assuming that reproductive limitation in open-

pollinated flowers is real, there are at least four

potential explanations: (1) pollinator limitation;

frequently advanced as an explanation for re-

duced reproduction (e.g., Burd 1994), low early

visitation rates (Fig. 2) make it a possibility here;

(2) competition for limited resources among

developing ovules of unbagged, open-pollinated

control inflorescences, most of whose flowers

developed fruits. In contrast, on bagged experi-

mental inflorescences, competition for resources

was minimal as only xenogamously treated flow-

ers developed; all other flowers were either

pollinated with self pollen or were untreated

and ovules did not develop.

The remaining two possibilities are genetic: (3)

excessive deposition of incompatible self-pollen

on stigmas because of pollinator movements

either between flowers (a) within inflorescences,

or (b) between inflorescences of different ramets

of the same genet. P. haydenii reproduces vege-

tatively from rhizomes (Fritz et al. 1992); thus,

many inter-inflorescence moves may be self-pol-

linations. Aigner (2004) has recently provided an

example of seed set positively related to clonal

diversity in self-incompatible Dithyrea maritima.

A test of this explanation requires comparison of

clonal diversity in Wyoming populations with

those in Nebraska, where reproductive limitation

was not detected (Tepedino et al. in press).

Fourth, there may be a paucity of mating types

(S-alleles) in the derivative Wyoming population

due to the founder effect and/or genetic drift, as

DeMauro (1993) found for the lakeside daisy,

Hymenoxys acaulis var. glabra. A paucity of

mating types would increase the number of

incompatible pollen depositions.

Characterizing the occurrence and frequency

of reproductive limitation is important and awaits

future pollination and genetic studies. Genetic

studies currently underway (Univ. of Wyoming)

may reveal whether clonal diversity in Wyoming

populations is lower than that in Nebraska pop-

ulations. If so, then enrichment of the Wyoming

metapopulation with genetic material from Ne-

braska through techniques developed and em-

ployed by Flessner and Stubbendieck (1989)

should be considered.
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