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     One of the primary arguments against obligate specialization 
in plant – pollinator interactions stems from the evidence that 
both qualitative (e.g., visitor spectrum) and quantitative (e.g., 
relative abundance and effectiveness) aspects of such relation-
ships often vary between years and across the natural ranges of 
plants and their pollinators ( Herrera, 1988 ,  1989 ;  Schemske and 
Horvitz, 1989 ;  Horvitz and Schemske, 1990 ;  Ollerton, 1996 ; 
 Waser et al., 1996 ;  Price et al., 2005 ). Spatiotemporal variation 
in pollinator assemblages and services can make it diffi cult to 

envisage the direction and magnitude of pollinator-mediated 
selection on fl oral phenology, display, and reward, particularly 
for long-lived, iteroparous plants ( Armbruster, 1985 ;  Bosch 
et al., 1997 ;  Barrett et al., 2001 ;  Fenster and Dudash, 2001 ; 
 Moeller, 2005 ;  Cosacov et al., 2008 ). An additional problem is 
that the spectrum of fl oral visitors includes antagonists — larcenists, 
fl orivores, and predispersal seed predators — whose activities 
may counter the selective pressures associated with pollinator 
preference and behavior, especially if all visitors are attracted to 
similar fl oral traits as indicators of resource quality ( Hainsworth 
et al., 1984 ;  Irwin et al., 2001 ;  Ashman and King, 2005 ;  Price 
et al., 2005 ;  Strauss and Whittall, 2006 ;  Segraves, 2008 ). 

 A consensus emerging from this body of research is that 
multiyear, across-population studies from a whole-plant per-
spective are needed to understand the array of selective forces 
driving fl oral evolution in most plant species ( Brody, 1997 ; 
 Aigner, 2005 ;  Herrera et al., 2006 ). For example,  Thompson ’ s 
(1999)  long-term studies of the geographic mosaic of interac-
tions between  Lithophragma  plants (Saxifragaceae) and  Greya  
moths (Prodoxidae) illustrate the benefi ts of such a program. 
Female  Greya  moths oviposit into  Lithophragma  fl owers and 
effectively transfer pollen with their abdomens. However, the 
direction and magnitude of  Greya -mediated selection on fl oral 
morphology is community context-dependent, given the local 
availability of nondetrimental copollinators (e.g., bombylliid 
fl ies and andrenid bees ( Thompson and Pellmyr, 1992 ) as well 
as the presence of other  Greya ,  Lithophragma , and  Heuchera  
(a preferred alternative host) species ( Thompson et al., 1997 ). 
Local variation in these assemblages across western North 
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   •   Premise of the study : Flowering plants that rely on pollinators for most of their reproduction may experience unpredictable and 
inconsistent availability of effective pollinators throughout their reproductive lifetime. We investigated the reproductive ecol-
ogy of two subspecies of the tufted evening primrose,  Oenothera cespitosa , which occupy geographically and edaphically dis-
tinct habitats in western North America:  O. cespitosa  subsp.  navajoensis  inhabits sandstone soils on open sites or rocky slopes 
in the Colorado Plateau and  O. cespitosa  subsp.  cespitosa  grows in clay soils on talus slopes and exposed rocky ridges in the 
western Great Plains and northern Rocky Mountains of the United States. 

  •   Methods : Pollen augmentation and selfi ng experiments, fl oral visitor observations, and single-visit effectiveness experiments 
were conducted over 4 years to examine the breeding system and spatiotemporal variation in pollinator behavior, assemblage, 
and abundance at different populations for each subspecies. 

  •   Key results : Both subspecies of  O. cespitosa  were self-incompatible and pollen-limited, suggesting that the relative abundance, 
effectiveness, and movement patterns of different insects as pollinators infl uenced the quality and quantity of seed production 
in these plants. Medium-sized vespertine hawkmoths ( Hyles lineata ,  Sphinx vashti ) were effective pollinators when present, as 
were large matinal bees ( Anthophora affabilis ,  A. dammersi ,  Xylocopa tabaniformis androleuca ), whereas small oligolectic 
 Lasioglossum  bees primarily functioned as pollen thieves in the evening and morning. 

  •   Conclusions : These fi ndings highlight the importance of variability of pollinator composition and abundance in the evolution 
of plant breeding systems and reproductive success at varying spatial and temporal scales.  

  Key words  :  bees; breeding system; hawkmoths;  Oenothera cespitosa ; Onagraceae; plant reproductive success; pollination; 
spatiotemporal variation. 
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community composition and abundance within and among pop-
ulations? (4) Are there differences in pollinator effectiveness 
among the main insect fl oral visitors for both subspecies? These 
questions establish a basis for understanding the geographical 
component of fl oral trait diversifi cation, an often neglected but 
crucial dimension of the study of fl oral evolution ( Thompson, 
1999 ;  Herrera et al., 2006 ). 

 MATERIALS AND METHODS 

 Species description   —     The tufted evening primrose ( Oenothera cespitosa  
Nutt.; Onagraceae) is a polymorphic perennial herb with a widespread distribu-
tion in western North America, including fi ve ecologically and taxonomically 
distinct subspecies ( Wagner et al., 1985 ;  Wagner, 2005 ).  Oenothera cespitosa  
subsp.  navajoensis  (W. L. Wagner, Stockhouse and Klein) Cronq. is restricted 
to xeric, sandstone habitats and mudstone badlands of the Colorado Plateau, 
where we studied it along the Colorado River near Moab, Utah (UT). In contrast, 
 O. c.  subsp.  cespitosa  Nutt. has a broader geographic range across the northern 
prairie and Rocky Mountain states of the United States and typically occurs 
on heavy clay soils in disturbed areas, on talus slopes, and exposed hillsides. 
Our study populations of  O. c.  subsp.  cespitosa  were located in northwestern 
Wyoming (WY) in the Greater Yellowstone Ecosystem. 

 All races of  Oenothera cespitosa  produce large, white fl owers that open at 
dusk and last 1 day before turning pink and senescing by the following morn-
ing, if not earlier. Flowers exhibit considerable variation in herkogamy (anther –
 stigma separation), but are not dichogamous because they only last 1 day. 
Flowers are sweetly scented, attracting large hovering hawkmoths as their 
principal pollinators ( Wagner et al., 1985 ). Previous studies have noted the pri-
mary hawkmoth visitor to  O. cespitosa  is the white-lined sphinx moth ( Hyles 
lineata ), and other moths such as  Sphinx vashti ,  S. chersis ,  Manduca quin-
quemaculata  and noctuid moths have been noted as fl oral visitors ( Gregory, 
1963 ,  1964 ;  Stockhouse, 1973 ;  Raven, 1979 ;  Hodges, 1987 ). However,  O. 
cespitosa  fl owers are visited by a broader spectrum of insects that includes 
matinal and crepuscular pollen-collecting bees, especially solitary, ground-
nesting bees in the genus  Andrena  and oligolectic bees in the genus  Lasioglossum  
( Linsley et al., 1963 ). 

 Study sites   —     We studied natural populations of  O. cespitosa  subsp.  navajo-
ensis  during 2005 – 2008 at two sites, mile marker 11 (MM 11) and mile marker 
16 (MM 16) along Colorado River Road (Rt. 128) in Moab, Grand Co., Utah 

America provides independent replicates of  Lithophragma  popula-
tions with and without copollinators and offers the opportunity 
to test how selective pressures operate when fl oral visitor as-
semblages include different combinations of mutualists and an-
tagonists ( Thompson and Fernandez, 2006 ). 

 Such studies have shed light on local evolution of fl oral phenol-
ogy ( Brody, 1997 ), color ( Frey, 2004 ), shape and size ( Herrera, 
1993 ;  Galen and Cuba, 2001 ), but less commonly include chemi-
cal features of fl oral phenotypes, such as fl oral resins ( Armbruster 
et al., 2005 ), nectar components ( Irwin and Adler, 2006 ) or fra-
grance ( Ackerman et al., 1997 ). We have embarked on a long-term 
study of the complex ecological factors impacting variation in 
fl oral chemistry and morphology, using the tufted evening prim-
rose species complex ( Oenothera cespitosa ; Onagraceae) as a 
model system.  Oenothera cespitosa  ranges over much of inter-
montane western North America, with fi ve edaphically distinct, 
parapatric subspecies and four local-endemic species, two of which 
are autogamous ( Wagner et al., 1985 ). Geographic variation in the 
morphology and fragrance of a night-blooming fl ower, combined 
with the presence of crepuscular fl oral parasites, larcenists, and 
nectar- or pollen-foraging pollinators likely to use both visual and 
olfactory cues to fi nd fl owers ( Raguso and Willis, 2002 ;  Kelber 
et al., 2005 ,  Dobson, 2006 ), make this an appropriate system in 
which to study the diversifi cation of integrated fl oral phenotypes. 

 In this paper, we explore the reproductive ecology of two 
parapatric subspecies,  O. c.  subsp.  cespitosa  and  O. c.  subsp. 
 navajoensis,  by documenting the spatiotemporal variation in 
fl oral visitor spectrum over 4 years and by using controlled 
hand-pollination and self-pollination experiments to character-
ize the breeding systems of two populations of each taxon. In 
addition, we combine direct observations, videorecordings, and 
various fi eld experiments to document interannual and popula-
tion-level variation in fl ower visitor composition, abundance, 
and effectiveness as pollinators. We use these data to address 
the following questions: (1) Are both subspecies of  O. cespitosa  
self-compatible? (2) Are plants pollen-limited in natural popu-
lations? (3) To what extent are there differences in pollinator 

  Table  1. (A) Two-way ANCOVA table for the effects of pollen supplementation on seed production (number of seeds per fruit) in  Oenothera cespitosa  
subsp.  navajoensis  at mile marker 11 and mile marker 16 in Moab, UT (A) and (B) two-way ANCOVA table for the effects of pollen supplementation 
on seed production (number of seeds per fruit) in  Oenothera cespitosa  subsp.  cespitosa  at Atherton Creek and Red Hills in Jackson, WY (B). The 
number of leaves was used as the covariate in the analyses. 

Source
Type III 

 sum of squares df Mean square  F  P 

A)  Oenothera cespitosa  subsp.  navajoensis 
Corrected model 10341.263 4 2585.316 3.705  < 0.05
Intercept 9890.359 1 9890.359 14.174  < 0.001
Number of leaves 202.188 1 202.188 0.290 0.594
Population (Pop.) 31.212 1 31.212 0.045 0.834
Treatment 8865.886 1 8865.886 12.706  < 0.001
Pop.   ×   treatment 1238.388 1 1238.388 1.775 0.191
Error 24421.512 35 697.757
Total 198219.000 40
Corrected total 34762.775 39
B)  Oenothera cespitosa  subsp.  cespitosa 
Corrected model 4023.142 4 1005.786 2.991  < 0.05
Intercept 18896.238 1 18896.238 56.189  < 0.001
Number of leaves 316.005 1 316.005 0.940 0.335
Population 353.447 1 353.447 1.051 0.309
Treatment 1894.054 1 1894.054 5.632  < 0.05
Pop.   ×   treatment 686.083 1 686.083 2.040 0.157
Error 25222.345 75 336.298
Total 252801.000 80
Corrected total 29245.488 79
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the pollen limitation indices of seed set with  t  tests to determine whether they 
were signifi cantly greater than zero. 

 Breeding system   —     To explore the breeding systems of  O. c.  subsp.  navajoensis  
and  O. c.  subsp.  cespitosa  and determine whether both taxa are self-incompatible, 
we performed controlled hand-pollination experiments on natural populations 
in 2007 and 2008. Self-compatibility experiments were performed at both MM 

(UT) (38  °  40  ′  N, 109  °  29  ′  W; 1250 m a.s.l.). Despite their proximity (8 km), these 
sites differed in their physical environment, landscape features, and vegeta-
tional composition. Mile marker 11 was located within a canyon landscape 
with steep (90 – 150 m) red rock canyon walls along the Colorado River. Plants 
occurred on Navajo sandstone soil and pavement fragments. Plants associ-
ated with  O. c.  subsp.  navajoensis  at MM 11 included  Sphaeralcea coccinea  
(Malvaceae),  Erigeron pulcherrimus  (Asteraceae),  Gaillardia pinnatifi da  
(Asteraceae),  Amsonia tomentosa  (Apocynaceae),  Stanleya pinnata  (Brassicaceae), 
 Echinocereus triglochidiatus  (Cactaceae), and  Astragalus  spp. (Fabaceae). In 
contrast, MM 16 was located outside canyon wall confi nes in open, disturbed 
areas and on exposed, rocky slopes. The plants in this population typically oc-
curred on Navajo sandstone-based soil as well as fi ne-grained sand associated 
with a gravel quarry. Typical plant associates with  O. c.  subsp.  navajoensis  at 
MM 16 included  O. pallida  (Onagraceae),  Opuntia polyacantha  (Cactaceae), 
 Astragalus  spp. (Fabaceae),  Abronia fragrans  (Nyctaginaceae), and  Ephedra  
spp. (Gnetaceae). 

 Experiments using natural populations of  Oenothera cespitosa  subsp. 
 cespitosa  were conducted during 2005 – 2008 at two sites, Atherton Creek (AC) 
and Red Hills (RH), areas in the Gros Ventre Wilderness of Bridger-Teton 
National Forest, 25 km from Jackson, Teton Co., Wyoming (WY) (43  °  38  ′  N, 
110  °  31  ′  W; 2165 m a.s.l.). Sites differed primarily in local plant community 
composition and edaphic conditions. Natural populations of  O. c.  subsp. 
 cespitosa  at AC occurred on disturbed areas on loose, fi nely particulate, gray 
clay soils on steep talus slopes. Plants associated with  O. c.  subsp.  cespitosa  at 
AC included  Amelanchier alnifolia ,  Prunus virginiana , and  Rosa  sp. (Rosaceae), 
 Linum lewisii  (Linaceae), and  Penstemon cyaneus  (Scrophulariaceae). In con-
trast, populations of  O. c.  subsp.  cespitosa  at RH were located on steep, hillside 
slopes on the Chugwater Formation characterized by their compact, red clay 
soils and amalgam of mudstone, sandstone, and silty gypsum beds. Local plants 
associated with  O. c.  subsp.  cespitosa  at RH included  Artemisia tridentata , 
 Aster  spp. and  Erigeron  spp. (Asteraceae) and  Castilleja  spp. (Orobanchaceae). 
Plant vouchers from both sites ( O. c.  subsp.  navajoensis : RAR05-04, RAR04-
07;  O. c.  subsp.  cespitosa : RAR04-10) were collected and deposited in the L. H. 
Bailey Hortorium at Cornell University and the A. C. Moore Herbarium at the 
University of South Carolina. 

 Pollination limitation   —     To determine the extent of pollen limitation of  O. c.  
subsp.  cespitosa  and  O. c.  subsp.  navajoensis , we performed controlled hand-
pollination experiments in 2005 and 2007, respectively. For  O. c.  subsp. 
 cespitosa , we chose 20 pairs of plants in each population (AC and RH sites). 
For subsp.  navajoensis , we chose 10 pairs of plants in each population (MM 11 
and MM 16 sites). Each pair of plants was assigned to two treatments: supple-
mental pollen and control. Paired plants that were marked for experimental 
manipulation were selected due to plant size, number of fl ower buds, and prox-
imity to minimize microhabitat conditions. Selected paired plants in each popu-
lation were matched for size as closely as possible, and plants of any size were 
used for experimental manipulation. We bagged fl ower buds on both paired 
plants in the morning with cheesecloth to prevent any insect visits (bud lar-
ceny). Bags were removed at dusk when fl owers began to open. Flowers in the 
supplemental pollen treatment received pollen from four anthers (= 1/2 fl ower 
equivalent) from plants more than 5 m away. Pollen was applied evenly over all 
four stigmatic lobes. For the control treatment, fl owers were open to natural 
pollination. We collected fruits several weeks later (before dehiscing) and mea-
sured fruit length (mm), width (mm), and mass (g), total seed number and mass 
(g) per fruit. 

 We calculated a pollen limitation index ( L ) from the pollen supplementation 
experiments following  Larson and Barrett (2000)  as  L  = 1  −  ( P  o / P  s ), where  P  o  
is the number of seeds produced per fruit for open-pollinated control fl owers 
and  P  s  is the number of seeds produced per fruit for outcross-supplemented 
fl owers. Values range from 0 to 1, where 0 indicates no pollen limitation and a 
value of 1 indicates complete pollen limitation (no seeds from open-pollinated 
control fl owers). To assess pollen limitation for each population, we analyzed 

  Table  2. Mean (  ±  SE) number of seeds produced in  Oenothera cespitosa  subsp.  navajoensis  and  O. c.  spp.  cespitosa  in each population after pollination 
treatments: open pollination and supplemental pollination. 

Species Population  n Open pollination Supplemental pollination

 O. c.  subsp.  navajoensis Mile marker 11 10 44.20   ±   8.37 85.60   ±   5.07
 O. c.  subsp.  navajoensis Mile marker 16 10 54.20   ±   10.66 71.70   ±   8.01
 O. c.  subsp.  cespitosa Atherton Creek 20 47.10   ±   4.00 56.05   ±   3.75
 O. c.  subsp.  cespitosa Red Hills 20 47.10   ±   5.41 63.75   ±   2.60

 Fig. 1.   (A) Box plots of seed production (number of seeds per fruit) 
following supplemental pollination treatment and open-pollinated control 
plants in  Oenothera cespitosa  subsp.  navajoensis  in two populations in 
2007 and (B) box plots of number of seeds per fruit following supplemental 
pollination treatment and open-pollinated control plants in  Oenothera 
cespitosa  subsp.  cespitosa  in two populations in 2005. Data are median   ±   
interquartiles. Different letters above the bars represent mean seed sets that 
differ signifi cantly at  P    ≤   0.05.   
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visits and videotaped insect – fl ower interactions to elucidate the various aspects 
of the foraging behavior (i.e., fl ower handling time, pollen removal and deposi-
tion, anther vs. stigma contact, nectar robbing, etc.) of different fl oral visitors at 
each site (C. A. Villagra, D. R. Artz, and R. A. Raguso et al., unpublished 
manuscript). A  “ visit ”  was recorded when any insect contacted any of the fl oral 
parts. Vouchers of insect visitors were collected and identifi ed in the laboratory 
and were deposited in the Insect Collections at Cornell University (CUIC). To 
predict fl ower visitor species richness, we used Microsoft (Redmond, Washing-
ton, USA) Excel 2007 to construct species accumulation curves to represent 
the accumulated number of fl ower visiting species per unit sampling effort 
(observer hours). 

 Pollinator effectiveness   —     To examine the effectiveness of the main fl oral 
visitors as pollinators of  O. c.  subsp.  navajoensis  and  O. c.  subsp.  cespitosa , we 
randomly selected fl ower buds during the 2007 and 2008 fi eld seasons and 
bagged them in the morning or the evening, 12 h before sampling time (follow-
ing evening vs. morning, respectively). For evening sampling, bags were re-
moved at dusk and fl owers were open to receive visitors. After one visit by any 
insect regardless of time at the fl ower, the fl ower ’ s inferior ovary was marked 
with a color-coded pipe cleaner and tagged to record the date, time of visit, 
plant number, and fl ower visitor. Anthers were removed from visited fl owers, 
which were then rebagged. For morning sampling, bags were removed at dawn, 
and foraging insects were allowed to visit each focal fl ower once, as described. 
All fruits were collected upon maturation before dehiscing, and the seeds 
in each fruit were counted. Because the data could not be transformed to meet 
assumptions of parametric statistics, we performed nonparametric Kruskal –
 Wallis tests and post hoc comparison tests using the method of  Siegel and Cas-
tellan (1988 , p. 213) to test for differences among the main fl oral visitors for 
both  O. c.  subsp.  navajoensis  and  O. c.  subsp.  cespitosa  in the number of seeds 
resulting from a single visit. 

 Our preliminary observations suggested that stigma – -anther distance (herkog-
amy) was unusually variable for these subspecies ( O. c.  subsp.  navajoensis , 
Grand Co., UT, range  − 1 to +12 mm, mean   ±   SE = 6.2   ±   1.3 mm;  O. c.  subsp. 

11 and MM 16 sites for  O. c.  subsp.  navajoensis  and at AC and RH for  O. c.  
subsp.  cespitosa . We chose plants that had two buds on the same plant that 
would open later that evening. For each plant, one bud remained within a bag 
(bag treatment), and the other bud received pollen from four of its own anthers, 
brushed over all stigmatic surfaces, at anthesis (self-pollen treatment), and then 
was bagged. Labeled fruits were collected upon maturation several weeks later, 
and the seeds in each fruit were counted. 

 Statistical analysis   —     For the pollen augmentation experiments, we used a 
two-way ANCOVA with number of leaves as a covariate to track plant size. 
Seed number was determined to be the number of mature seeds per fruit exclud-
ing aborted seeds and unfertilized ovules. We used ANOVA to assess the effect 
of treatment of the self-compatibility experiments with seed number as the 
response variable. Because most plants produce one or two fl owers per night, 
we could not assess natural pollination (i.e., positive control) on a per plant 
basis; thus, we used the number of seeds produced from the control fl owers 
from the pollen augmentation experiment in the analysis. All data were ana-
lyzed using SPSS 14.0 software (SPSS, Chicago, Illinois, USA). 

 Floral visitors   —     Insect visitors to  O. c.  subsp.  navajoensis  and  O. c.  subsp. 
 cespitosa  were monitored over four fi eld seasons (2005 – 2008) for approxi-
mately 4 wk (end of April to end of May for  O. c.  subsp.  navajoensis  and begin-
ning of June to beginning of July for  O. c.  subsp.  cespitosa ). Our sampling 
effort during pollinator surveys varied widely between years and among sites 
due to weather conditions, availability of observers, and other concurrent fi eld 
experiments. Total sampling effort (i.e., observer hours) varied per year for 
 O. c.  subsp.  navajoensis  (2005: 94 h, 2006: 72 h, 2007: 32 h, 2008: 28 h) and 
 O. c.  subsp.  cespitosa  (2005: 118 h, 2006: 154 h, 2007: 44 h, 2008: 28 h). We 
used teams of observers to watch fl owers from anthesis (1930 hours) to com-
plete darkness (2200 hours; evenings) and again from fi rst direct sunlight (0700 
hours) to 0930 hours (mornings) for both subspecies. Morning observations 
were necessary due to the fact that some of the fl owers still had pollen remain-
ing from the previous night and were visited by matinal bees. Observers scored 

 TABLE 3. List of the insect visitors to  Oenothera cespitosa  subsp.  navajoensis  in Moab, UT and  O. c.  subsp.  cespitosa  Jackson, WY in each population 
over 4 years (2005 – 2008). 

Species
 Oenothera  
subspecies Population a Foraging task b 

Primary period 
of activity

Functional 
role c 

Hymenoptera:
    Andrena anograe  (Andrenidae)  cespitosa AC, RH P a.m./p.m. pt, pol
    Anthophora affabilis  (Anthophoridae)  navajoensis MM 11, MM 16 N, P a.m./p.m. pt, pol
    Anthophora dammersi  (Anthophoridae)  navajoensis MM 11, MM 16 N, P a.m./p.m. pt, pol
    Anthophora  sp. (Anthophoridae)  cespitosa AC N, P a.m. pt, pol
    Tetraloniella  sp. (Anthophoridae)  cespitosa AC P a.m. cp
    Xylocopa tabaniformis androleuca  (Apidae)  navajoensis MM 11, MM 16 N a.m./p.m. nr, pol
    Bombus  sp. (Apidae)  cespitosa AC N a.m. cp
    Lasioglossum lusoria  (Halictidae)  navajoensis MM 11, MM 16 P a.m./p.m. pt
    Lasioglossum lusoria  (Halictidae)  cespitosa AC, RH P a.m./p.m. pt
    Agapostemon  sp. (Halictidae)  cespitosa AC, RH P a.m. pt, cp
Lepidoptera:
    Hyles lineata  (Sphingidae)  navajoensis MM 11, MM 16 N p.m. pol
    Hyles lineata  (Sphingidae)  cespitosa AC, RH N p.m. pol
    Sphinx vashti  (Sphingidae)  cespitosa AC, RH N p.m. pol
    Mompha defi nitella  (Momphidae)  navajoensis MM 11, MM 16 p.m. sp
    Mompha defi nitella  (Momphidae)  cespitosa AC, RH p.m. sp
   Plusiine noctuid sp. 1  navajoensis MM 11 N p.m. cp
   Plusiine noctuid sp. 2  navajoensis MM 16 N p.m. cp
   Noctuid sp. 3  cespitosa AC, RH N p.m. cp
Diptera:
   Bombyliidae sp.  cespitosa AC N a.m. cp
   Syrphidae sp. 1  navajoensis MM 11 P a.m. pvr
   Syrphidae sp. 2  cespitosa RH P a.m. pvr
   Tachinidae sp.  cespitosa AC a.m. cp
   Indeterminate Diptera  cespitosa AC, RH P a.m. pvr
Hemiptera:
   Indeterminate Hemiptera  navajoensis AC a.m.

 a  Population: subsp.  navajoensis : MM 11 = mile marker 11, MM 16 = mile marker 16; subsp.  cespitosa : AC = Atherton Creek, RH = Red Hills
 b  Foraging task: N = nectar, P = pollen
 c  Functional role: pt = pollen thief, cp = conditional pollinator, nr = nectar robber, pol = legitimate pollinator, sp = seed predator, pvr = pollinivore
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in the interaction between population and treatment (interaction 
term in ANCOVA,  F  1,35  = 1.775,  P  = 0.19,  Table 1A ). Supple-
mented pollination tests showed plants in both MM 11 and MM 
16 populations were pollen limited ( Fig. 1A ).  Pollen-supple-
mented fl owers produced signifi cantly more seeds per fruit than 
open-pollinated fl owers in both populations ( Fig. 1A ). The 
mean number of initial ovules per capsule for  O. c . subsp.  nava-
joensis  was 72.4 (SD = 21.1). Plants at MM 11 were in general 
more pollen limited than plants at MM 16 based on pollen limi-
tation index ( L ) values (mean   ±   SE) (MM 11 = 0.44   ±   0.12; 
MM 16 = 0.18   ±   0.18), but these differences were not statisti-
cally signifi cant ( t  = 1.217,  P  = 0.120). 

 There were signifi cant differences in seed production in 
 O. cespitosa  subsp.  cespitosa  in the control and pollen-supple-
mented treatments at both AC and RH populations (ANCOVA, 
 F  1,75  = 5.632,  P   <  0.05,  Tables 1B, 2 ). Results from the two-way 
ANCOVA indicated that there were no signifi cant population 
differences ( F  1,75  = 1.051,  P  = 0.31,  Table 1B ) or interactions 

 cespitosa , Teton Co., WY, range  − 7 to + 8 mm, mean   ±   SE = 2.1   ±   1.3 mm: 
R. A. Raguso, unpublished data). Watching crepuscular and matinal bees collect 
pollen from these fl owers, we predicted that fl owers with smaller herkogamy 
values would be more likely to receive outcrossed pollen from bees, primarily 
through incidental contact. We used linear regression to test the prediction of an 
inverse relationship between seed set and herkogamy for each of the main bee 
species visiting both subspecies of  O. cespitosa . 

 RESULTS 

 Pollination limitation   —      The results of the two-way AN-
COVA revealed signifi cant differences in seed production in 
 O. c.  subsp.  navajoensis  in the supplemental pollen and control 
groups after controlling for the effect of plant size ( F  1,35  = 
12.706,  P  <   0.001,  Tables 1A, 2 ).  However, there were no sig-
nifi cant effects of the pollination treatments on seed production 
between MM 11 and MM 16 populations ( F  1,35  = 0.045,  P  = 
0.83,  Table 1A ). Similarly, there were no signifi cant differences 

  Table  4. Abundance of insect visitors to  Oenothera cespitosa  subsp.  navajoensis  in Moab, UT and  O. c.  spp.  cespitosa  Jackson, WY in each population 
over 4 years (2005 – 2008). Direct pollinators were observed unsystematically each year; thus, pollinator counts only refl ect insect visits during direct 
observation periods. 

Species  Oenothera  subspecies Population  a  

Total abundance

2005 2006 2007 2008

Hymenoptera
    Andrena anograe  (Andrenidae)  cespitosa AC 33 104 8 7
    A. anograe  (Andrenidae)  cespitosa RH 63 52 5 9
    Anthophora  spp. (Apidae)  b   navajoensis MM 11 0 1 10 16
    Anthophora  spp. (Apidae)  b   navajoensis MM 16 0 1 10 17
    Anthophora  indet. (Apidae)  cespitosa AC 0 5 0 3
    Tetraloniella  sp. (Apidae)  cespitosa AC 0 3 0 1
    Xylocopa tabaniformis androleuca  (Apidae)  navajoensis MM 11 6 53 4 38
    X. tabaniformis androleuca  (Apidae)  navajoensis MM 16 1 189 9 21
    Bombus  sp. (Apidae)  cespitosa AC 3 2 0 0
    Lasioglossum lusoria  (Halictidae)  navajoensis MM 11 0 7 2 8
    L. lusoria  (Halictidae)  navajoensis MM 16 1 42 5 40
    L. lusoria  (Halictidae)  cespitosa AC 67 310 16 0
    L. lusoria  (Halictidae)  cespitosa RH 85 63 72 0
    Agapostemon  sp. (Halictidae)  cespitosa AC 0 7 0 0
    Agapostemon  sp. (Halictidae)  cespitosa RH 0 1 1 0
Lepidoptera
    Hyles lineata  (Sphingidae)  navajoensis MM 11 48 2 6 38
    H. lineata  (Sphingidae)  navajoensis MM 16 13 7 3 9
    H. lineata  (Sphingidae)  cespitosa AC 33 6 0 9
    H. lineata  (Sphingidae)  cespitosa RH 49 0 8 5
    Sphinx vashti  (Sphingidae)  cespitosa AC 0 22 0 7
    S. vashti  (Sphingidae)  cespitosa RH 0 5 37 3
    Mompha defi nitella  (Momphidae)  navajoensis MM 11 0 8 0 3
    M. defi nitella  (Momphidae)  navajoensis MM 16 0 5 0 0
    M. defi nitella  (Momphidae)  cespitosa AC 27 41 4 25
    M. defi nitella  (Momphidae)  cespitosa RH 33 8 2 32
   Noctuid sp. 1  navajoensis MM 11 2 3 2 0
   Noctuid sp. 2  navajoensis MM 16 1 0 0 0
   Noctuid sp. 3  cespitosa AC 3 17 0 0
   Noctuid sp. 3  cespitosa RH 1 5 0 0
Diptera
   Bombyliidae sp.  cespitosa AC 1 0 0 0
   Syrphidae sp. 1  navajoensis MM 11 3 0 0 0
   Syrphidae sp. 2  cespitosa RH 1 5 0 0
   Tachinidae sp.  cespitosa AC 1 3 0 0
   Muscidae sp.  cespitosa AC 0 12 0 0
   Muscidae sp.  cespitosa RH 0 1 0 0
Hemiptera
   Indeterminate Hemiptera  navajoensis MM 11 0 1 0 0

  a   Population: MM 11 = mile marker 11, MM 16 = mile marker 16; AC = Atherton Creek, RH = Red Hills
 b  Includes  A. affabilis  and  A. dammersi 
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 Floral visitors to Oenothera cespitosa subsp. navajoensis   —      
We recorded 10 species in four insect orders visiting fl owers of 
 Oenothera cespitosa  subsp.  navajoensis  during 226 h of obser-
vation over four fi eld seasons ( Tables 3, 4 ).  The assemblage of 
fl oral visitors included legitimate pollinators, nectar robbers, 
pollen thieves, seed predators, and pollinivores. Four bee spe-
cies including  Xylocopa tabaniformis androleuca ,  Lasioglos-
sum lusoria ,  Anthophora affabilis , and  A. dammersi  foraged 
during the morning and evening hours at both sites, whereas the 
remaining fl oral visitors foraged exclusively during the evening 
or during the morning ( Table 3 ). The only hawkmoth visitor to 
 O. c . subsp.  navajoensis  at both sites was the white-lined sphinx 
moth,  Hyles lineata . The three principal fl oral visitors during 
the 4-yr period were  Xylocopa tabaniformis androleuca ,  Hyles 
lineata , and  Lasioglossum lusoria . The remaining fl oral visitors 
were comprised of  Anthophora affabilis  and  A. dammersi  bees, 
unidentifi ed plusiine noctuid moths ( < 5 visits), syrphid fl ies, 
and a single visit by an unidentifi ed hemipteran ( Fig. 2 ,  Tables 
3, 4 ).  The microlepidopteran seed predator,  Mompha defi nitella  
(Momphidae), also was a common plant and fl ower visitor, but 
due to its small size and movement patterns on the plant, it 
rarely came in contact with fl oral sexual parts. Thus, it is un-
likely to be an effective pollinator and presumably acts only as 
a seed predator of  O. c . subsp.  navajoensis . Species accumula-
tion curves, despite year-to-year differences in sampling effort, 

between population and treatment (interaction term in ANCOVA, 
 F  1,75  = 2.040,  P  = 0.16,  Table 1B ). Flowers augmented with 
supplemental pollen had produced more seeds per fruit compared 
with open-pollinated fl owers across AC and RH populations 
( Fig. 1B ). The mean number of initial ovules per capsule for 
 O. c . subsp.  cespitosa  was 56.9 (SD = 12.2). Pollination limita-
tion values for seed set were almost equal in both AC and RH 
populations (mean   ±   SE, AC = 0.15   ±   0.07, RH = 0.22   ±   0.10) 
and were not signifi cantly different based on pollination limita-
tion index values ( t  =  − 0.623,  P  = 0.268). 

 Breeding system   —      Seed set was almost nonexistent after 
pollination with self-pollen and the control (bagged) in both 
subspecies of  O. cespitosa . There were signifi cant differences 
in the number of seeds produced in the selfi ng and control 
groups compared with the open-pollinated control from the 
pollen augmentation experiment in  O. c . subsp.  navajoensis  
(ANOVA,  F  2,64  = 66.112,  P  <   0.0001). Only two of 22 fl owers 
in each treatment produced any seeds at all, with only seven 
self-seeds produced at the UT fi eld sites. Likewise, there were 
signifi cant treatment differences in seed production in  O .  c . 
subsp.  cespitosa  (ANOVA,  F  1,57  = 138.476,  P   <  0.0001). None 
of the 20 bagged fl owers, and only two of the 20 self-pollinated 
fl owers produced any seeds at the WY fi eld sites. These results 
indicate that both subspecies are strongly self-incompatible. 

 Fig. 2.   Variation in composition and abundance of visitor spectra to fl owers of (A)  Oenothera cespitosa  subsp.  navajoensis  near Moab, UT, and (B) 
 Oenothera cespitosa  subsp.  cespitosa  near Jackson, WY, from 2005 to 2008. Wedge sizes indicate the relative abundance of each visitor class (see key), 
whereas total area of each pie chart is roughly scaled to the number of individual visitors observed.   
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at both AC and RH ( Table 4 ), whereas during 1 week in June 
2007 we recorded 37 visits by  Sphinx vashti  to  O. c . subsp. 
 cespitosa  ( Fig. 2 ). Both AC and RH sites shared similar polli-
nator communities, but fi ve species of fl oral visitors were re-
corded only at AC:  Anthophora  sp.,  Tetraloniella  sp.,  Bombus  
sp., and bombyliid and tachinid fl ies ( Tables 3, 4 ). In addition, 
high visitation rates to  O. c . subsp.  cespitosa  by  Mompha defi -
nitella  moths were observed in all 4 years and at both AC and 
RH sites. As noted for Moab, UT and elaborated elsewhere 
(C. A. Villagra, D. R. Artz, and R. A. Raguso, unpublished 
manuscript; J. Walden, C. A. Villagra, and R. A. Raguso, unpub-
lished manuscript), their small size, movement patterns, and 
destruction of fl ower buds render them unlikely to pollinate 
 O .  c . subsp.  cespitosa . Species accumulation curves suggest 
that sampling effort in AC population ( Fig. 3C ) and RH ( Fig. 3D ) 
had reached asymptotic plateaus, despite year-to-year differ-
ences in sampling effort. Flower visiting species were quickly 
added as sampling effort increased for AC ( Fig. 3C ) and for 
RH ( Fig. 3D ). 

show steady increases in species richness with increasing sam-
pling hours with all accumulation curves reaching an asymptote 
for mile marker 11 ( Fig. 3A )  and mile marker 16 ( Fig. 3B ), 
suggesting that few additional fl ower visitor species would be 
detected with additional sampling effort. 

 Floral visitors to Oenothera cespitosa subsp. cespitosa   —      
We recorded 13 species of fl ower visitors from three insect 
orders at  Oenothera cespitosa  subsp.  cespitosa  during 324 h 
of direct observation over four fi eld seasons. The principal 
fl oral visitors to  O. c . subsp.  cespitosa  were two species 
of hawkmoths,  Hyles lineata  and  Sphinx vashti , as well as 
the matinal and crepuscular pollen-foraging bees,  Andrena 
anograe  (Andrenidae) and  Lasioglossum lusoria  (Halictidae), 
respectively ( Tables 3, 4 ). 

 Spatiotemporal differences in pollinator composition and 
abundance were also noted between sites and years ( Fig. 3 ). In 
2005, no visits by  Sphinx vashti  were observed at either AC or 
RH. In 2006, low visitation rates by  Sphinx vashti  were noted 

 Fig. 3.   Species accumulation curves (solid lines) and approximate 95% confi dence interval (dashed lines) for the fl ower-visiting insects of  Oenothera 
cespitosa  subsp.  navajoensis  in Moab, UT at (A) mile marker 11 and (B) mile marker 16 and for the fl ower-visiting insects of  Oenothera cespitosa  subsp. 
 cespitosa  in Jackson, WY at (C) Atherton Creek and (D) Red Hills from 2005 to 2008. The curves represent the cumulative number of species recorded as 
a function of the sampling effort each year and a cumulative curve for the four fi eld seasons (h).   
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 Per-visit pollinator effectiveness at Oenothera cespitosa 
subsp. cespitosa   —      There were signifi cant differences in per-visit 
effectiveness among the principal pollinators of  O. c.  subsp. 
 cespitosa  (Kruskal – Wallis  H  = 41.691, df = 3,  P    ≤   0.001). On a 
per-visit basis, visits by the nectar-foraging hawkmoths  Hyles 
lineata  and  Sphinx vashti  set signifi cantly more seeds than those 
by the pollen foraging bees  Lasioglossum lusoria  and  Andrena 
anograe  ( Fig. 4B ). There were no signifi cant differences in per-
visit effectiveness between  H. lineata  and  S. vashti  ( Fig. 4B ). 
Likewise, no signifi cant differences in per-visit effectiveness 
were revealed between  L. lusoria  and  A. anograe  bees ( Fig. 
4B ). The relationship between seed set and herkogamy was not 
signifi cant for  Lasioglossum  (regression,  F  1,28  = 0.4867,  P =  
0.49;  Fig. 5B ). However, there was a signifi cant inverse rela-
tionship between seed set and herkogamy for  Andrena  (regres-
sion,  F  1,11  = 8.8001,  P =  0.013;  Fig. 5B ). As evidenced by 
the low number of seeds produced per fruit,  L. lusoria  and 
 A. anograe  are primarily pollen thieves of  O. c . subsp.  cespitosa , 
but  A. anograe  may serve as a conditional pollinator when they 
are abundant and fl oral herkogamy (anther – stigma separation) 
is reduced ( Fig. 5B ). 

 DISCUSSION 

 A pollinator-limited mating system   —      The reproductive suc-
cess of  Oenothera cespitosa  clearly depends upon effective 
pollination by insects. Our pollen supplementation experi-
ments demonstrate that seed production is pollen limited in 
both  O. c.  subsp.  navajoensis  and  O. c.  subsp.  cespitosa . Fur-
thermore, self-pollination experiments indicate that both sub-
species are self-incompatible, consistent with greenhouse 
studies by  Wagner et al. (1985)  using plant accessions 
collected across the geographic range of  O. cespitosa . Thus, 
effective pollinators that move between plants are required to 
produce seeds, because neither autogamy nor geitonogamy are 
viable options for reproductive assurance. The perennial fl ow-
ering habit of  O. cespitosa  ( Wagner et al., 1985 ) provides sev-
eral opportunities to attract such visitors, but also extends the 
plants ’  windows of vulnerability to natural enemies such as 
fl orivores and larcenists. 

 Our fi ndings are consistent with those for  Oenothera macro-
carpa,  another night blooming, hawkmoth-pollinated evening 
primrose.  Mothershead and Marquis (2000)  demonstrated that 
 O. macrocarpa  plants are both self-incompatible and pollen 
limited, and, under varying degrees of herbivore pressure, ex-
hibit reduced fruit set and seed production. Independently, 
 Moody-Weis and Heywood (2001)  showed that pollinator limi-
tation for  O. macrocarpa  was highest in small, fragmented 
habitats, presumably due to reduced pollinator abundance and 
service. These studies add to the growing body of evidence that 
plant reproductive ecology and pollinator service should be 
considered within a whole-plant context ( Herrera et al., 2002 ; 
 Ashman et al., 2004 ;  Garren and Strauss, 2009 ). 

 Although we did fi nd signifi cant differences in treatment 
effects for both subspecies, one must consider certain limita-
tions of our fi ndings. One caveat in the interpretation of our 
results from the pollen supplementation experiments is the po-
tential for limited statistical power due to the small sample sizes 
( Cohen, 1988 ). Although we attempted to use as many plants as 
possible in these experiments, a limited number of plants were 
available in each population (roadside populations are naturally 
small, and not all plants bloomed). The combination of small 

 Per-visit pollinator effectiveness at Oenothera cespitosa 
subsp. navajoensis   —      Signifi cant differences in per-visit polli-
nator effectiveness were revealed among the four main fl oral 
visitors of  O. c.  subsp.  navajoensis  (Kruskal – Wallis  H  = 42.822, 
df = 3,  P    ≤   0.001) with  Anthophora  sp.,  Hyles lineata , and  Xy-
locopa tabaniformis androleuca  setting more seeds per single 
visit than  Lasioglossum lusoria  ( Fig. 4A ).  On a per-visit basis, 
 Anthophora  sp. bees produced the highest mean seed set of any 
fl oral visitor, but this did not differ signifi cantly from the mean 
seed set resulting from single visits by  Hyles lineata  or  Xylocopa 
tabaniformis androleuca  ( Fig. 4A ). Of the four main fl oral visi-
tors over the 4-yr period, pollen-foraging  Lasioglossum lusoria  
bees contributed minimally to seed set ( Fig. 4A ). There was no 
signifi cant relationship between seed set and herkogamy for 
 Lasioglossum  (regression,  F  1,22  = 0.7258,  P = 0.40;  Fig. 5A ),  
 Xylocopa  (regression,  F  1,9  = 1.4439,  P = 0.26;  Fig. 5A ), or 
 Anthophora  (regression,  F  1,14  = 0.4642,  P = 0.51;  Fig. 5A ) bees. 
In this system,  L. lusoria  bees function primarily as pollen 
thieves, stripping pollen from anthers ( Table 3 ); thus, their role 
as effective pollinators was negligible. 

 Fig. 4.   Box plots of seed set per fruit resulting from single visits to (A) 
 Oenothera cespitosa  subsp.  navajoensis  and (B)  O. cespitosa  subsp.  cespitosa  
fl owers. Control treatment represents open-pollinated fl owers open to mul-
tiple visits by any number of visitors. Data are median   ±   interquartiles. 
Different letters above the bars represent mean seed sets that are signifi -
cantly different at  P    ≤   0.05.   
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foraging hawkmoths, fl ower-bud galling  Mompha  moths, and 
pollen-scavenging fl ies ( Tables 3, 4 ). Despite the geographical 
distance (c. 550 km) and marked ecological differences 
between our UT and WY study sites, their visitor faunas were 
remarkably similar to each other and to the faunas attracted to 

sample sizes and the likelihood of unmeasured confounding 
factors may have infl uenced our results. 

 During our 4-yr study, fl owers of  O. c.  subsp.  navajoensis  
and  O. c.  subsp.  cespitosa  attracted moderately diverse visitor 
faunas consisting of nectar- and pollen-foraging bees, nectar-

 Fig. 5.   Relationship between fl oral herkogamy (stigma – anther distance, mm) and seed set for (A)  Lasioglossum ,  Xylocopa ,  Anthophora  visiting  Oeno-
thera cespitosa  subsp.  navajoensis  fl owers in Moab, UT and (B)  Lasioglossum  and  Andrena  visiting  Oenothera cespitosa  subsp.  cespitosa  fl owers in Jackson, 
WY. The  P  values represent the signifi cance of the linear regression model.   



1507September 2010] Artz et al. — Pollination variation in  OENOTHERA CESPITOSA 

lineata , the most abundant and widespread fl ower-visiting hawk-
moth in North America (see  Raguso et al., 1996 ), and  Sphinx 
vashti , a similar-sized species that pollinated  A. coerulea  in 
northern AZ and southwestern UT. In our study,  S .  vashti  varied 
in abundance and emergence phenology in northwest WY 
( Tables 3, 4 ), but was a highly effective pollinator of  O. c.  
subsp.  cespitosa , contacting the stigma on over 75% of all fl owers 
visited (C. A. Villagra, D. R. Artz, and R. A. Raguso, unpub-
lished manuscript).  Hyles lineata  and  S. vashti  are vigorous fl i-
ers that serve as effective outcrossing agents for  A. coerulea  
( Brunet and Sweet, 2006 ) and  O. cespitosa  ( Fig. 4B ).  Stockhouse 
(1976)  used fl uorescent dust to measure pollen transfer by these 
moth species within and among populations of  O. c.  subsp. 
 macroglottis  in CO, over distances from tens to thousands of 
meters, including one record of 12.8 km. The impact of hawkmoth 
foraging behavior on gene fl ow among populations of  O. cespitosa  
across western North America deserves further study. 

 Relative impacts of antagonists   —      Both subspecies of  O. 
cespitosa  experienced considerable spatiotemporal variation in 
the abundance of three classes of fl oral antagonists. The fi rst of 
these were large, legitimate pollinators whose activities also 
had negative outcomes for  O. cespitosa . Female  H. lineata  
moths also lay eggs (oviposit) while pollinating  O. cespitosa , 
one of their many larval host plants ( Hodges, 1971 ;  Tuttle, 
2007 ). During our study, there was considerable variation in the 
abundance of  H. lineata  larvae, which were observed to eat 
fl ower buds and young leaves of  O. cespitosa  in all study popu-
lations. The ecological relationship between  H. lineata  and  O. 
cespitosa  is comparable to the pollinating-herbivore relation-
ship between the tobacco hornworm moth ( Manduca sexta ) and 
 Datura  plants ( Adler and Bronstein, 2004 ;  Bronstein et al., 
2009 ), with the potential for a geographic mosaic in the direc-
tion and magnitude of selective pressure as a pollinator and/or 
herbivore (see  Thompson, 2005 ).  Hyles lineata  moths visit 
fl owers of  O. cespitosa  throughout its range, but for deep-fl owered 
( > 10 cm hypanthial tube) subspecies (e.g.,  O. c.  subsp.  marginata  
in AZ and CA,  O. c.  subsp.  macroglottis  in CO),  H. lineata  
serves as a co-pollinator along with longer-tongued hawkmoths 
(e.g.,  Manduca quinquemaculata, Sphinx chersis ) that use other 
plants as larval hosts ( Gregory, 1964 ;  Stockhouse, 1973 ; 
 Hodges, 1987 ). Near Moab UT,  H. lineata  was the only hawk-
moth that visited fl owers of  O. c.  subsp.  navajoensis , which it 
used heavily as a larval host, whereas fl owers of  O .  c . subsp. 
 cespitosa  also were visited by  Sphinx vashti  near Jackson, WY. 
On a per-visit basis,  S. vashti  are as effective as  H. lineata  as 
pollinators ( Fig. 4B ), but only use  Symphoricarpos  plants 
(Caprifoliaceae) as larval hosts ( Tuttle, 2007 ), so their net impact 
on the fi tness of  O. cespitosa  is positive. 

 Pollen theft by bees can have important consequences for 
plants as well as the animals that visit them ( Harder and Wilson, 
1997 ;  Ashman et al., 2004 ;  Hargreaves et al., 2009 ). In this 
study, pollen-collecting  Lasioglossum lusoria  bees typically 
were the fi rst fl oral visitors to arrive at the plants before dusk, 
just as fl ower buds began to open. We often observed  L. lusoria  
prying open these buds to gain access to pollen, as has been 
noted for the related  L. zephyrum  visiting fl owers of  Xyris ten-
nesseensis  (Xyridaceae) in Alabama, USA ( Wall et al., 2002 ). 
Early arriving  L. lusoria  bees removed considerable amounts of 
pollen per visit from anthers prior to the arrival of nectar-feeding 
hawkmoths. When these bees are abundant, as they were from 
2005 – 2007 near Jackson WY, they must signifi cantly impact 
how much pollen can be moved by hawkmoths and larger 

night-blooming  Oenothera  species across North America 
( Clinebell et al., 2004 ;  Johnson and Agrawal, 2007 ;  Raguso 
et al., 2007 ). Nevertheless, we documented spatiotemporal 
variation in pollinator abundance and community composition 
within and among populations for both subspecies of  O. 
cespitosa  ( Fig. 2 ). Similar variation has been documented in 
other studies that have examined pollinator community compo-
sition differences ( Herrera, 1988 ;  Fenster and Dudash, 2001 ). 
For example, in a study of two subspecies of  Clarkia xantiana  
(Onagraceae),  Moeller (2006)  documented considerable varia-
tion in pollinator abundance, community composition, and fl o-
ral traits between two sympatric subspecies with different 
mating systems (i.e., outcrossing vs. autogamy). Below we dis-
cuss spatiotemporal variation in the abundance of mutualistic 
and antagonistic fl oral visitors and its impacts on reproductive 
success in  Oenothera cespitosa . 

 Relative effectiveness of mutualists   —      The fl oral characteristics 
and night-blooming habit of  O. cespitosa , combined with previ-
ous observations across its geographic range ( Gregory, 1964 ; 
 Wagner et al., 1985 ;  Hodges, 1987 ), led us to accurately predict 
that nocturnal hawkmoths would be effective pollinators in our 
study. We also expected to see fl oral visits by small  Lasioglos-
sum  and  Andrena  bees (see below) known to use Onagraceae 
pollen in provisioning larval nest cells ( Linsley et al., 1963 ; 
 Bohart and Youssef, 1976 ;  Clinebell et al., 2004 ), as well as 
large  Xylocopa  bees that pollinate other  Oenothera  species 
when they visit fl owers legitimately ( Gregory, 1963 ;  Barthell 
and Knops, 1997 ). However, we were surprised to observe 
large, long-tongued  Anthophora  bees, which were abundant 
and highly effective pollinators of  O. c.  subsp.  navajoensis  near 
Moab, UT ( Fig. 4A ), but were rare visitors to  O. c.  subsp. 
 cespitosa  near Jackson, WY. We initially missed these bees 
because they foraged very early (0600 – 0630 hours) under cool, 
dimly lit conditions, moving rapidly between fl owers. The 
tendency of these bees to grasp the stigma before probing for 
nectar probably contributed to their effectiveness as pollinators. 
Given the rarity of  H. lineata  moths at Moab in 2007,  Anthophora  
bees likely were responsible for most seed set in  O. c.  subsp. 
 navajoensis  that year. Extended over the duration of our study, 
large, long-tongued bees and/or nectar-foraging hawkmoths 
provided effective pollination each year in both study locations. 
Furthermore, although large bees and hawkmoths did not differ 
signifi cantly in per-visit effectiveness, single visits by either 
group were insuffi cient to pollinate all ovules (see control bars 
in  Fig. 4 ). This observation, in conjunction with spatiotemporal 
variation in the abundance of each group, suggests that special-
ization on moths or large bees (e.g., through strictly dusk- or 
dawn-opening fl owers) would decrease reproductive success in 
 O. cespitosa , as argued by  Miyake and Yahara (1998 ,  1999 ) for 
 Lonicera japonica  (Caprifoliaceae). In the absence of data on 
pollen export distances and seed quality resulting from their 
visits, we tentatively assign large moths and bees to the same 
functional group (see  Fenster et al., 2004 ), comparable to the 
assemblage of diurnal sphingids and large bees that effectively 
pollinate the fl owers of  Silene caroliniana  (Caryophyllaceae) 
( Reynolds et al., 2009 ). 

  Brunet (2009)  studied an assemblage of pollen-foraging bees 
(including  Lasioglossum  and  Bombus  spp.) and syrphid fl ies, 
nectar-foraging hawkmoths, and pollen-scavenging muscid 
fl ies visiting fl owers of the Rocky Mountain columbine ( Aquilegia 
coerulea ) in UT, Arizona (AZ), and Colorado (CO). During 
Brunet ’ s multiyear study, the hawkmoth pollinators were  Hyles 
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nectar-foraging bees. Additional per-visit effectiveness experi-
ments, in which  L. lusoria  bees were allowed to visit fl owers 
fi rst, would help to address this question. 

 Community context for spatiotemporal variation in pollinator 
spectrum   —      Spatiotemporal variation in the abundance of effec-
tive pollinators and in the negative impact of fl oral antagonists 
is responsible for distinctive patterns of suboptimal pollination 
in the different subspecies of  O. cespitosa  studied here. Near 
Moab UT, fl owers of  O. c.  subsp.  navajoensis  were reliably and 
effectively pollinated by large, nectar foraging bees and/or  H. 
lineata  hawkmoths, but suffered nectar robbery and herbivory 
to these same insects, respectively, and pollen thievery by  Lasi-
oglossum  bees in most years. In contrast, near Jackson WY, 
fl owers of  O. c.  subsp.  cespitosa  had fewer nectar-foraging bees 
and no nectar robbery, attracted a second hawkmoth pollinator 
( S. vashti ) and suffered less herbivory by  Hyles  (data not 
shown), but suffered increased pollen thievery due to the com-
bined activities of  Lasioglossum  and  Andrena  bees, along with 
high levels of bud gall infestation by  Mompha  larvae through-
out our study. How might community differences have contrib-
uted to these patterns? 

 Year- and site-specifi c variation in local competition for pol-
linator services may provide one explanation as to why plants 
were pollen-limited in our study. A few co-fl owering plants 
present at the UT and WY fi eld sites were visited by the princi-
pal insect visitors to  O. cespitosa.  For example, several species 
of locoweed ( Astragalus  spp., Fabaceae) were dominant co-
fl owering plants near Moab UT, where they were consistently 
visited by  H. lineata  moths,  Xylocopa tabaniformis , and  An-
thophora  bees. Near Moab, UT,  Anthophora ,  Xylocopa , and 
 Lasioglossum  bees all foraged from  Oenothera pallida , a 
related species with smaller fl owers, as well as from large-
fl owered  O. c . subsp.  navajoensis  (D. Artz et al., unpublished 
data). This may explain the relatively lower abundance of  Lasi-
oglossum  bees on fl owers of  O .  c . subsp.  navajoensis  near 
Moab, UT, given that  O. pallida  pollen is a preferred larval 
food ( Bohart and Youssef, 1976 ) and that  O. pallida  was absent 
from the Jackson, WY populations of  O. c . subsp.  cespitosa.  
The absence of  Sphinx vashti  from  O. cespitosa  fl owers and 
light traps near Moab, UT sites is intriguing, given that these 
moths are known to visit  Aquilegia coerulea  fl owers later in the 
summer, at higher elevations in southeastern UT ( Brunet and 
Sweet, 2006 ). 

 This paper provides the fi rst step in our study of geographic 
variation in fl oral diversifi cation in the  O. cespitosa  species 
complex.  Herrera et al. (2006)  suggest that the next step in such 
a program is to document spatiotemporal variation in visitor-
mediated selection on fl oral traits, which we have begun to ad-
dress using a combination of fi eld and laboratory approaches. 
In particular, the traits that determine oviposition choices by 
female  Hyles lineata  and  Mompha defi nitella  moths could be 
impacted through direct effects, depending upon the moths ’  
yearly abundance, the presence of benign co-pollinators (e.g., 
 Anthophora  bees and  Sphinx  moths), and the degree to which 
plants tolerate bud abortion and fl orivory (see  Davis, 1981 ). 
The most likely indirect effects of selection on fl oral phenotype 
are through the impact of pollen-stripping by small bees on pol-
len export by subsequent fl oral visitors and the factors that de-
termine whether  Xylocopa  bees visit fl owers legitimately or rob 
them. Path analysis is an appropriate tool to explore the impact 
of such interactions (e.g.,  Price et al., 2005 ) on reproductive 
success in  Oenothera cespitosa . 
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