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ABSTRACT 

How will the intrusion of other species that remove rewards without 

providing reciprocal services affect the interaction between mutualists? How 

do costs and benefits from these "cheaters" compare to costs and benefits from 

potentially mutualistic visitors? Finally, did nectar-robbing, one kind of 

cheating, promote the evolution of complex levels of sociaKty by allowing 

bees access to a wider range of resources? I investigated these questions in 

the research described below. 

I found that pollinators visiting Chilopsis linearis (Bignoniaceae) spent 

less time visiting robbed flowers than visiting unrobbed flowers, and did not 

visit them as often as expected. Thus, robbing appeared to have a negative 

effect on pollinators visiting Chilopsis linearis. 

I compared costs and benefits of floral visitors to Chilopsis linearis 

(desert willow). Chilopsis had serrsitive stigmas that closed immediately upon 

touch and may have reopened later. I foimd that the probability of stigma 

reopening depended on the source and number of pollen grairis deposited. I 

compared visitors by number of pollen grains deposited, viability of pollen 

that they deposited, and their effect on stigmas. Nectar-robbers did not 

benefit plants by pollen deposition, but they also did not cost plants by 

causing stigmas to close without adequate pollen having been deposited. 

I investigated the effects of robbing on poUinator behavior and plant 

reproductive success. Nectar volumes were lower in robbed flowers than in 

unrobbed flowers. However, the most effective pollinators, bumblebees, did 

not avoid robbed flowers. In investigating male reproductive success, I foimd 
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that on some days, dye mimicking pollen traveled farther from robbed 

flowers, indicating that robbing may sometimes be beneficial to plants. In 

investigating female reproductive success, I found that there was no difference 

in pollen tube number between robbed and unrobbed flowers. Thus, a 

negative effect on one mutualist may not affect the other mutualist. 

I hypothesized that the evolution of robbing in bees was associated 

with a broad diet breadth and the evolution of complex sociality. Using 

phylogenetically independent contrasts for taxa within three geographical 

regions, I found that in some cases, a broad diet breadth was associated with 

sociality and robbing. 
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CHAPTER 1 

INTRODUCTION 

Recently, researchers have become interested in the balance between 

conflict and cooperation in mutualisms. Recent studies are showing that 

mutucdists may only benefit each other imder certain, conditions (Bronstein 

1994) or may have antagonistic parts of their life history (Addicott 1986, 

Templeton 1985). Mutualists may also switch back and forth from antagonism 

to mutualism over ecological or evolutionary time (PeUmyr et al. 1996, 

Omelas 1994). Given that mutualists can both cooperate and exploit each 

other, how will the intrusion of other species affect the interaction? For 

example, how will a species that removes a reward from one of the 

mutualistic partners without providing a reciprocal service affect both 

partners? In addition, can this "cheater" on a mutualism provide any direct 

benefits to either mutualist? Theories of mutualism predict that fitnesses, 

measured by growth rates or density, of mutualistic partners should be 

linked, with the effect that an increase in the fitness of one mutualist should 

cause a decrease in the fitness of the other mutualist (Dean 1983, Pierce and 

Young 1986). A cheater theoretically should decrease the fitness of the 

mutualist that it competes with, such that it negatively affects both mutualists. 

In pollination biology, it is very difficult to measxire fitnesses of pollinators. 

However, one can determine their effectivenesses eind behaviors in response 

to cheating and then determine the effect of changes in their behaviors on 

plants. 
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One assumption that needs to be tested is that visitors that enter 

flowers, or "legitimate" visitors, are more effective pollinators than are nectar-

robbers, the cheaters. Also, since there are multiple visitors to plants and since 

they may differ in effectiveness, their changing abimdances may change the 

effects of robbing for plants. 

Finally, does cheating provide benefits to the cheater? Two more 

assumptions that should be tested are that cheaters benefit from their 

behaviors, and that they either originally evolved from mutualists, or have 

the option in the present of behaving as muttialists but choose to cheat 

because of the relative benefits. In the Chilopsis linearis pollination mutualism, 

I have observed that at the beginning of each season, Xylocopa califomica, 

forage for the first few days as legitimate visitors and then switch to robbing 

the same flowers. In addition, these nectar-robbers spend less time visiting 

flowers than do legitimate visitors, so presumably they do benefit more from 

robbing than they do from entering flowers legitimately. 

Nectar-robbing may also benefit bees by allowing them access to 

flowers that have narrow tubes, giving the bees more resources to support 

their nests over long seasons. In turn, a broad diet breadth may be a 

prerequisite for the evolution of complex forms of sociality. A broad diet 

breadth may favor the lengthening of foundress lifespan and the seasonal 

activity of workers, which appear to be necessary components of generational 

overlap. Generational overlap, by definition, is a component of complex 

sociality. In this way, nectar-robbing could have played a significant part in 

the life history of different lineages of bees. 
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Effects of Nectar-Robbing on Pollinator Behavior and Plant Reproduction 

Theories of the evolution of mutualism predict that this "cheater" on a 

mutualism, also known as an "aprovechado" (Soberon and Martinez del Rio 

1985), will cause a mutualism to become extinct (BuU and Rice 1991, Trivers 

1971). This extinction will occur because the cheater removes rewards 

without inciirring the cost of providing a service or reciprocal reward to the 

mutualistic partner. By not reciprocating, a cheater has a competitive 

advantage over a mutualist Because the fitnesses of mutualistic partners are 

theoretically correlated (Keeler 1985, Addicott 1981), the expectation is that a 

cost to one partner will negatively affect the other partner. For this reason, 

mutualisms have often been predicted to be evolutionarily unstable (Poulin 

1995, Boucher 1982). These theories assume that cheaters have a negative 

effect on one mutualist by competing with the other mutualist for rewards 

and by reducing the services provided. Alternatively, some mearis of 

pimishing the cheater (Mesterton-Gibbons and Dugatkin 1992) or controlling 

the cheater without excluding mutualists (Schwartz and Hoeksema 1998, 

Pellmyr and Huth 1994, Moe and Hammerstein 1994) may evolve. 

However, a different outcome has been predicted for one kind of 

cheater, nectar-robbing bees. As cheaters on the plant-pollinator mutualism, 

primary nectar-robbers take nectar from a flower by cutting a slit in the 

corolla and removing nectar, usually without pollinating. It has been 

suggested that nectar-robbers may have a positive effect on a plant if they 

reduce average levels of nectar (Zimmeiman and Cook 1985, Heinrich and 

Raven 1972) or increase variability between patches, because pollinators in 

search of nectar must carry pollen farther between plants. A pollinator may 
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amount of nectar, or because it searches for unrobbed flowers after it has 

encountered several robbed ones. Longer flight distances by pollinators are 

likely to carry poUen away from close relatives of the plants, thus decreasing 

inbreeding (Inouye 1983, Gentry 1978). In this way, nectar-robbing may 

indirectly benefit a plant. This hypothesis leads to another: the benefit of 

robbing should also increase, because variability makes it Ukely that 

pollinators will search for less robbed patches. The necessity to search for 

nectar depends on amoimts of nectar left in robbed flowers and the energetic 

costs of pollinators. However, if the intensity of robbing is even over the site, 

pollinators should not search for less robbed patches. In this scenario, 

cheaters affect one mutualist (pollinators) negatively by competing with them 

for limited rewards (nectar), but benefit the other mutualist (the plant) 

indirectly by changing pollinators' behavior. 

Comparison of Costs and Benefits from Mutualists and Antagonists 

In pollination mutualisms, nectar-robbers are usually considered 

antagorusts; visitors that enter flowers (legitimate visitors) are usually 

considered mutualists. However, nectar-robbers may provide some benefits 

to plants, whereas legitimate visitors may inflict some costs. I compared costs 

and benefits of floral visitors to Chilopsis linearis (desert willow). 

Evolution of Sociality. Nectar-robbing, and Diet Breadth in Bees 

The evolutionary factors that led to existence of social irisects with 

sterile castes mystified Darwin (1859). Eusociality, traditionally defined to 
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include cooperative brood care, presence of generation overlap, and 

reproductive division of labor (Crespi 1996; Michener 1974,1969) may have 

several factors necessary for its evolution. Hamilton (1964) proposed that kin 

selection explained workers' apparent altruism in caring for sisters. Through 

inclusive fitness, haplodiploidy was understood to be a critical factor in the 

evolution of sociality in Hymenoptera (ants, bees, and wasps). However, 

though haplodiploidy may have been a prerequisite for the evolution of 

sociality in Hymenoptera, it is not sufficient to explain the origin of sociality. 

Though all Hymenoptera are haplodiploid, only a few families out of more 

than 80 are eusocial; sociality apparentiy had multiple independent origins in 

Hjmienoptera and required more preadaptatiorts than just haplodiploidy 

(Hunt 1999). The evolutionary pathway from solitary to complex sociality, in 

which eusodality is the most complex level (Chapter 4, Table 1), has attracted 

intense interest because it may aid in explaining factors that led to the 

evolution of sociality (reviewed in Michener 2000). 

By definition, generational overlap is a key condition for existence of 

complex levels of socicdity. It occurs in all subsocial and eusocial Hymenoptera 

and in some parasocial bees (Danforth and Eickwort 1997). Generational 

overlap may occur through either multivoltinism (multiple broods per year) 

or long lifespan of females that initiate nests (Schwartz et al. 1997), or both. 

For both multivoltinism or longevity of females, activity of bees over long 

seasons must have been a prerequisite. Thus, pre-social bees must have had a 

broad diet breadth (large number of plants visited for resources) because the 

length of blooming season of plant taxa would not have been long enough to 

support social bees. 
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I investigated three hypotheses; 1) that a broad diet breadth was 

associated with the evolution of sociality in bees, 2) that a novel foraging 

behavior, nectar-robbing, was associated with the evolution of a broader diet 

breadth, and 3) that nectar-robbing also was associated with the evolution of 

sociality. Nectar-robbing bees make sHts or holes in corollas of flowers and 

remove nectar without entering corollas. In a comparison of the nectar-robbing 

bumblebees with non-nectar-robbing bumblebees at a site in Colorado, nectar-

robbing bumblebees foraged on more species of plants than did non-robbers 

(Inouye 1983). The nectar-robbing bees visited plants that were inaccessible to 

other species of bees, such as hummingbird-visited Ipomopsis flowers with 

tubular morphologies, in addition to normally bee-pollinated flowers witl. open 

coroUas. For this reason, I predicted that the evolution of nectar-robbing in bees 

was associated with a broad diet breadth. If nectar-robbing were correlated with 

sociality, it may have facilitated more generalized plant use by social bees. 
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CHAPTER 2 

PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the 

papers appended to this dissertation. The following is a summary of the most 

important findings in these papers. 

In Appendix A, I describe a study in which I found that pollinators 

visiting Chilopsis linearis (Bignoniaceae) spent less time visiting robbed flowers 

than visiting unrobbed flowers, and did not visit them as often as expected. 

Nectar was produced in buds in the late afternoon before they opened, so 

robbing bees gained access to the resource earlier in the life of the flower than 

did pollinating bees. Because pollinating bees searched for ururobbed flowers 

and because they found less nectar in robbed flowers than unrobbed flowers, 

robbing appeared to have a negative effect on pollinators visiting Chilopsis 

linearis. 

Appendix B presents research in which I investigated further whether 

pollinator behavior is affected by the presence of nectar-robbers and 

determined whether nectar-robbing had a costly, neutral, or positive indirect 

effect on the other partners in the mutualism, the plants. Nectar-robbers 

affected levels of reward available to mutualists; unrobbed and robbed 

flowers had the same probability of containing nectar, but nectar volumes 

were lower in robbed flowers. However, robbing may not have had an 

indirect negative effect on plant fitness for three reasons. First, though 

honeybees (Apis mellifera) spent less time in robbed flowers than in unrobbed 

ones and also avoided robbed flowers, honeybees are not effective 
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pollinators, so the effect of robbing on their behavior may mean little to the 

plant. Second, even though bumblebees {Bombus sonorus) also spent less time 

in robbed flowers, the length of time that they spent in robbed flowers was 

not correlated with pollen deposition, so the effect of robbing on their 

behavior may also mean little to the plant. Finally, imlike honeybees, 

bumblebees did not avoid robbed flowers and were highly effective 

poUinators. I investigated the indirect effects of robbing on the plant's male 

reproductive success by examining whether dye mimicking pollen traveled 

farther from robbed flowers than from imrobbed flowers. On some days, 

dye traveled farther from robbed flowers, indicating that robbing may 

sometimes be beneficial to plants. I also determined whether female 

reproductive success, measured by the number of pollen tubes growing in 

styles, was affected by robbing. I foimd that there was no difference in pollen 

tube number between robbed and unrobbed flowers, which means that 

robbers do not cost plants directly by damaging flowers or indirectly by 

reducing their female reproductive success. Overall, this study suggests that a 

negative effect on one mutualist, competition for resources by an aprovechado, 

may not affect the other mutualist. The presence of another species may even 

lead to a benefit in some cases. This suggests that fitnesses of mutualists are 

not linked as closely as has been assimied. 

Appendix C presents research in which I compared costs and benefits 

of floral visitors to Chilopsis linearis (desert willow). This plant was self-

incompatible and poUen-Umited, so the source of pollen (self vs. outcross) and 

number of pollen grairxs deposited affected reproductive success. Chilopsis had 

sensitive stigmas that closed immediately upon touch and may have reopened 
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later. Stigma closure may have been costly to plants if too few pollen grains 

were deposited to set fruit. I found that the probability of stigma reopening 

depended on the source and number of pollen grains deposited. I compared 

visitors by number of pollen grains deposited, viability of pollen that they 

deposited, and their effect on stigmas. Nectar-robbers did not deliver benefits 

to plants by depositing pollen grairis, but they also did not irifUct costs on 

plants by causing stigmas to close without adequate pollen having been 

deposited. Some legitimate visitors imposed costs on plants by reducing 

pollen viability; nectar-robbers did not. Overall, legitimate visitors usually 

conferred greater benefits on plants than nectar-robbers did. However, a few 

legitimate visitors inflicted greater costs than nectar-robbers did, by causing 

stigmas to close without adequate pollen deposited. In this way, legitimate 

visitors could inflict some costs on plants that nectar-robbers could not. 

In Appendix D, I present work in which I hypothesized that the 

evolution of nectar-robbing in bees was associated with a broad diet breadth. 

If nectar-robbing were correlated with sociality, it may have facilitated more 

generalized plant use by social bees. 

To test these hypotheses, I combined four published phylogenies of 

bees (Roig-Alsina and Michener 1993, Alexander and Michener 1995, Danforth 

and Eickwort 1997, Peseriko 1999). The combined phylogerues encompass a 

monophyletic group composed of 146 genera, a broad sample of the approx. 

600 genera of bees in the world (Michener 1979). With certain additions and 

deletions described below, I included 89 genera in my analysis. I surveyed 

these genera for degree of sociality (maximal social development) and 

presence of nectar-robbing (Appendix 5). 
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I used the combined phylogeny to determine the minimum number of 

origins of sociality in bees, the presence of reversals to solitary behavior, and 

whether the pathway to eusociality led from parasociality, subsociality, or just 

solitary behavior. I mapped maximal social development and presence of 

nectar-robbing onto the combined phylogeny in order to determine their 

degree of correlation using MacClade's concentrated changes test (Maddison 

and Maddison 1992). To determine the order of each character, I counted the 

number of times that each preceded the other. 

To test the hj^othesis that a broad diet breadth was associated with the 

evolution of sociality, I compared diet breadth of bees within three 

geographical regions: the Eastern United States, Guanacaste Province of Costa 

Rica, and California, (Mitchell 1960 and 1962, Heithaus 1979, and Moldenke 

and Neff 1974, respectively). For 345 species in the Eastern U.S., 135 species in 

Costa Rica, and 1163 species in California, I determined the median and 

maximum number of plants visited by all species in each genus, i.e., the diet 

breadth of the genus. I used ANOVAs to test the hypotheses that median and 

maximum diet breadth were a function of maximal social development within 

each genus and of geographical location. To take into account correlatioris 

between genera because of shared history, for each region I reconstructed the 

phylogeny of bees using only the genera occurring in each region. I used 

partial correlations of phylogenetically independent contrasts to determine 

whether correlations of diet breadth with maximal social development and 

with presence of nectar-robbing were significant. 

Over a phylogeny of bees made from four published phylogenetic 

analyses, I found that sociality has evolved at least 11 times and up to 14 times. 
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in the families Apidae and Halictidae. Eusociality, the most complex form of 

sociality, has originated at least 4 to 5 times in bees. Computer simulations 

showed that sociality and nectar-robbing were correlated on the phylogeny of 

bees. Comparing diet breadth of bee genera within three geographic regions, 

I foimd that diet breadth varied as a function of maximal social development 

among bee genera. I used phylogeneticaUy independent contrasts for taxa 

within each region to test for correlations between sociality, diet breadth, and 

nectar-robbing. In some cases, I found that a broad diet breadth was 

associated with sociality and nectar-robbing. 
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APPENDIX A 

Title: Temporal Variation in Pollinator Abxindance and PoUinator Foraging 

Behavior in Resporise to Robbed Flowers ̂ 

Abstract.—Xy/ocopiz californica robs some species of flowers by slitting open the 

sides of flowers to steal nectar, presumably without pollinating the flowers. 

PoUinators visiting Chilopsis linearis (Bignoniaceae) spend less time on robbed 

flowers than on unrobbed flowers, and do not visit them as often as expected. 

Of 228 flowers marked over the season in 1993, only 13, or 6%, produced fruits. 

Of those, 10 were robbed before maturing into fruits. Nectar was produced in 

buds in the late afternoon before they opened, so robbing bees gained access to 

the resource earlier in the life of the flower than did pollinating bees. Because 

pollinating bees must search for urvrobbed flowers and because they find less 

nectar in robbed flowers than unrobbed flowers, robbing appears to have a 

negative effect on pollinators visiting Chilopsis linearis. However, robbing may 

have no effect on the plants. 

1 Published in: DeBano, L. F., FfoUiott, P. F., Ortega-Rubio, A., Gottfried, G. J., 
Hamre, R. H., and C. B. Edmirister. 1995. Biodiversity and Management 
of the Madrean Archipelago: the Sky Islands of Southwestern United 
States and Northwestern Mexico, Tucson, Arizona, U.S. Department of 
Agriculture, Forest Service, Fort Collins, CO. Reprinted with permission. 



2 0  

INTRODUCTION 

In the plant-pollinator mutualism, pollinators, such as Apis mellifera, visit 

flowers in search of a reward provided by the plant, typically nectar or pollen. 

At the same time, the pollinators benefit the plant by carrying pollen between 

flowers. 

Other visitors to flowers are cheaters on the plant-pollinator 

mutualism. Certain cheaters, nectar-robbing bees, make holes or slits on 

flowers and rob the nectar, usually without touching the anthers or stigma 

(Fig. 1). Thus, nectar-robbing bees take the reward that the plant offers to 

mutualists, without providing the reciprocal service. When these bees visit 

flowers, they leave behind a record of their visit in the form of a slit or hole in 

a flower. Because this damage remains after the nectar-robbing bees have left 

the flowers, it is possible that the nectar-robbers influence the flower-visiting 

decisions made by legitimate pollinators of the plant even after the nectar-

robbers have removed nectar and left the flower. 

Several researchers have investigated the effect of nectar-robbing bees 

on one or both partners in the mutualism—either plant or pollinators. When 

flowers are robbed, seed set or pod number of plants can increase (Hawkins 

1961, Roubik et al. 1985), decrease (McDade and Kinsman 1980, Roubik 1982), 

or remain imchanged (Rust 1979, Newton and Hill 1983). A few researchers 

have shown that floral visitors are attracted to robbed flowers because they 

gain access to nectar through holes left by robbers (Hawkins 1961, Inouye 

1983). Floral visitors that gain access to normally urureachable flowers may 
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increase seed set, either from their own visits (Hawkins 1961) or by causing 

other pollinators to visit more flowers when nectar has been depleted 

(Heinrich and Raven 1972). In contrast, other studies have shown that 

pollinators leave plants that have a high proportion of robbed flowers, 

presumably because the nectar rewards have been depleted (McDade and 

BCinsman 1980, Roubik 1982, Zimmerman and Cook 1985). 

The effect of nectar-robbing bees on plants should vary over time, 

depending on floral visitors' abundances and the behavior of pollinators in 

response to robbed flowers. In this study, I measured abimdances of 

pollinators visiting Chilopsis linearis (Bignoniaceae) during two flowering 

seasoris. I also investigated the foraging behavior of the two most common 

pollinators. Apis mellifera (Apidae), the honeybee, and Bombus sonorus 

(Apidae), the bvimblebee, on plants with robbed and xmrobbed flowers. The 

cheater on the mutualism between Chilopsis linearis and its pollinators is 

Xylocopa califomica (Apidae), a nectar-robbing carpenter bee. Future studies 

will address the effect of robbing and pollinator behavior on plants. 

I expected that Bombus sonorus would avoid less-rewarding robbed 

flowers and Apis mellifera would not. Individuals oiApis may not have 

evolved the ability to identify and avoid robbed flowers of Chilopsis, since Apis 

was recently (by evolutionary time) introduced into the New World tropics by 

setflers from Europe (Michener 1979). The historical distribution of A. mellifera 

does not overlap with the distribution of Chilopsis linearis (throughout the 

Southwestern U.S. and northern Mexico, Kearney and Peebles 1960), although 

the distribution of B. sonorus does. 
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METHODS 

Chilopsis linearis blooms profusely for a few weeks in the "cornucopia" 

phenology described by Gentry (1974). It produces sympetalous, tnxmpet-

shaped flowers that are visited primarily by bees, but also by himimingbirds 

and butterflies at the study site. Nectar is produced as flowers open in the late 

afternoon and again in the early morning (Brown et al. 1981 and Richardson, 

unpubl. data). The 2-5 m tall trees grow along normally dry washes in the 

Southwestern U.S. and northern Mexico. 

I observed floral visitors to Chilopsis linearis during the flowering 

season from May 20-Jime 7,1993 and May 12-May 31,1994. About 28 trees 

were located in a dry wash near the Chiricahua Mountains, 5.6 mi. N. of Portal 

on the San Simon Road, Cochise Co., Arizona. Common plants in the 

surrounding desert scrub are mesquite {Prosopis sp.). Acacia Greggii, and 

creosote-bush (Larrea tridentata). 

Patches of flowers on a single tree that varied in size from 16 to 207 

flowers were marked before each observation period. Ail flowers within 

viewing distance were marked with colored thread to distinguish robbed 

flowers from unrobbed flowers. Visitors to the plants were observed in 19 

half-hour observation periods at nine trees in 1993. The identity of visitors and 

number of marked robbed or unrobbed flowers visited by each individual 

within the patch were recorded in 1993. In 1994, numbers of visitors at seven 

trees were counted during four half-hour observation periods, 3.5 hours of 

general observations, and four hours of observations during other 

experiments. Observation periods were conducted at different times of the 
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day over both years, but were concentrated from. 6:00 a.m. to 11:00 a.m., 

when rates of visitation to plants were highest. 

The frequency of visitation to imrobbed and robbed flowers by 

individual visitors was determined by coimting the number of marked 

unrobbed and robbed flowers visited during a foraging bout. The niimbers of 

unrobbed and robbed flowers visited were compared with the nimibers of 

unrobbed and robbed flowers available within the marked patch. Using a sign 

test, the number of tmrobbed flowers visited by an individual pollinator was 

compared with the expected number that would have been visited if the 

pollinator were choosing flowers within the patch randomly. I assumed that if 

pollinators were neither avoiding nor choosing robbed flowers, the 

proportion of visits to lonrobbed flowers during a foraging bout would be the 

same as the proportion available in a patch. Differences between Apis and 

Bombus in number of individuals that chose more unrobbed flowers than 

robbed flowers were analyzed using a Mann-Whitney U test. 

RESULTS 

Relative abimdances of visitors to Chilopsis linearis are shown in Table 1. 

In both years, the total number of visitors observed was similar and the 

number of observation hours was equal, so the overall abimdance of visitors 

was similar in 1993 and 1994. The greatest change in relative abimdance was a 

decrease in Apis mellifera from 51.2% of the visitors to flowers in 1993 to 9.1% 

in 1994. Visits by Xylocopa califomica increased from 12.5% in 1993 to 41.8% in 
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1994. The relative abundance of Bombus sonorus at flowers increased from 

8.3% in 1993 to 30.0% in 1994. 

Coefficients of variation shown in Table 1 indicate the variation in 

abundance of each species over 1993 and 1994. The three most frequent 

visitors. Apis, Bombus, and Xylocopa, were more variable between years than 

the two least frequent groups of visitors, which were hummingbirds and 

several bee species in the family Anthophoridae. However, bees in the family 

Megachilidae were the most variable between years, since none was observed 

at the study site in 1994. 

The percentage of unrobbed flowers available duxing observation 

periods ranged firom 3.9% to 92.2% in 1993. Apis visited significantly more 

unrobbed flowers than expected during each foraging bout (sign test: C = 10, 

P < 0.002, N = 33). In contrast, the number of visits to unrobbed flowers by 

Bombus was not significantly different than the number predicted by the 

proportion of unrobbed flowers available (sign test: C = 0, P > 0.50, N = 7). 

Apis visited more imrobbed flowers than Bombus did (Mann-Whitney U test: U 

= 192.5, P < 0.005, Ni = 33, N2 = 7): in observations during 1993,87.9% of Apis 

individuals visited more unrobbed than robbed flowers within a foraging 

bout, as compared with 42.7% of Bombus (Fig. 2). 

DISCUSSION 

The numbers of individual Bombus sonorus visiting C. linearis increased 

from 1993 to 1994 at the same time as visits by Apis mellifera decreased. Visits 

by Xylocopa califomica, nectar-robbing bees, to plants also declined from 1993 
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to 1994. In general, more common visitors varied more in abundances 

between years than did the least common visitors, with the exception of bees 

in the family Megachilidae. In addition to these changes in relative abimdance, 

I foimd that individuals of A. mellifera avoid robbed flowers, while individuals 

of B. sonoriis do not. These observations of behavior are opposite to my 

original prediction that individuals of Apis would not avoid robbed Chilopsis 

flowers because the species have a short evolutionary history together. 

Though A. mellifera has not come into contact with C. linearis until recently, its 

behavior in response to robbed flowers of C. linearis may be similar to its 

behavior in response to robbed flowers of Old World species. First, I will 

discuss the implications of variation in relative abimdance of the floral visitors 

over time. Second, I will consider the significance of the difference between 

Apis and Bombus in foraging behavior in response to robbed flowers. 

Bombus sonoriis increased from 1993 to 1994 at Chilopsis, simultaneously 

with a decrease in Apis mellifera. Several workers have hypothesized that the 

honeybee. Apis mellifera, has a negative impact on the abundance of native 

pollinators by outcompeting them for food (Schaffer et al. 1979, Wolda and 

Roubik 1986, Roubik 1983). However, in one study, Roubik (1983) foimd no 

competition for food measured by brood production between Apis mellifera 

and native Melipona after introduction of Apis into French Guiana in 1982. 

Since competition was measured early after the introduction, it may have 

been too soon to see an effect of the introduction. My data are consistent with 

the hypothesis that Apis competes with native polUnators. However, the 

reciprocal changes in relative abundance of Apis and Bombus could be caused 
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by another factor, such as a difference in precipitation between 1993 and 1994 

that affected Apis cind native visitors differently. 

Interestingly, high variation in numbers of common visitors to Chilopsis 

linearis conflicts with results reported from other bees in the tropics. Roubik 

and Ackerman (1987) found that relatively scarce euglossine bees collected 

from traps at three sites in Panama had more variable populations than more 

abimdant bees did. In the present study, however, the most abundant bees 

were most variable between years. Differences may be caused by differences 

in stability of species' population sizes between the tropics and temperate 

zone or by differences in sampling methods. Perhaps the most abundant 

species are the fastest to switch to a more productive nectar producer as the 

season progresses. However, Chilopsis appeared to be the only abundant 

soxirce of nectar in the area during the present study imtil Yucca elata bloomed 

in mid-June. Correlations between species abxmdance and speed of resource 

switching would not be observed by trapping bees (as in the Panamanian 

study) because resource switching by bees would not affect the likelihood of 

collection. 

Xylocopa califomica, the nectar-robbing bee, also changed in relative 

abundance over the two years of this study. Although more Xylocopa 

califomica individuals were observed at plants during observation periods in 

1994 than in 1993, many of their foraging bouts were very brief. In 1994, 

Xylocopa often robbed just one or two flowers at the top of a tree while flying 

across the wash, instead of carrying out the sustained foraging bouts 

observed in 1993. A possible explanation for this change in behavior is that 

nest provisioning in 1993 occurred much earlier than in. 1994. In 1994, 
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provisioning of nearby nests coincided with the Chilopsis flowering season 

(unpubl. data). To provision nests, a female Xylocopa collects nectar and pollen, 

and shapes it into a ball. She places the ball of provisions in a tunnel inside a 

hollowed-out yucca or agave stalk. Before sealing the ball of provisions in the 

tunnel, she lays an egg on it. In 1994, female X. californica may have been 

concentrating foraging efforts on provisioning nests with pollen from nearby 

pollen-producing acacia and mesquite, instead of collecting nectar from 

Chilopsis. Even though more X. californica were observed in 1994 than in 1993, 

fewer flowers on the trees were robbed (unpubl. data). 

In addition to changing reciprocally in abimdance. Apis avoided robbed 

flowers during foraging bouts within a plant more than Bombus sononis did. A 

previous study with conflicting results has been conducted on foraging 

behavior by Bombus vagans in response to robbed flowers. B. vagans departs 

from patches of Impatiens capensis with artificially robbed flowers using a 

wider angle of flight than from imrobbed patches (Zimmerman and Cook 

1985). Measurement of angle of flight after leaving a patch is an indicator of 

floral visitors' avoidance of similar patches; a wide angle suggests that a bee is 

leaving the area in search of patches that are different from the one just 

visited. Three possible explanations for the discrepancy between studies exist. 

1) Boitibus sononis may simply behave differently than Bombus vagans. 2) 

Avoidance of a patch of robbed flowers involves a different level of decision

making for bees than avoidance of robbed flowers within a patch. 3) B. 

sononis is restricted to robbed flowers at Chilopsis because of competition with 

A. mellifera, whereas pollinators visiting Impatiens did not partition resources 

because A. mellifera was not a frequent visitor. 
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Resource partitioning (the third possibility) may occur if Bombus sonoriis 

visits robbed flowers because Apis cannot obtain the nectar remaining after a 

visit by nectar-robbing bees, leaving the nectar available to B. sononis. Brown 

et al. (1981) observed that peak foraging by B. sononis on Chilopsis linearis 

occurred later in the day than the peak of foraging by Apis mellifera. Whitham 

(1977) showed that some of the nectar in Chilopsis is contained in deep grooves 

in the corolla. As a result. Brown et al. (1981) hypothesized that Apis cannot 

reach the nectar in the grooves, whereas Bombus can. Brown et al. (1981) 

suggested that this difference between Apis and B. sonorus might explain the 

fact that foraging by Bombus peaks later in the day than does that of Apis. For 

the same reason. Apis may avoid robbed flowers because they are not able to 

reach nectar in grooves of flowers. 

Several alternative explanations remain for the difference between Apis 

and Bombus in the degree to which they avoid robbed flowers. These 

explanations are not mutually exclusive; one or more may be valid. First, Apis 

mellifera have greater metabolic reqmrements than Bombus, such that for 

Bombus, but not Apis, a visit to a robbed flower may supply enough nectar to 

be worth the visit. At rest at 25^C, a Bombus vosnesenskii queen consumes less 

than 10 ml/g/hr oxygen (Heiiirich 1979). In contrast, individuals of Apis 

mellifera use more oxygen, about 15 ml/g/hr oxygen at 250C (Moritz and 

Southwick 1992). Individuals of Apis expend more metabolic energy than 

those of B. vosnesenskii up to about SO^C (Heinrich 1979, Moritz and 

Southwick 1992). Apis' metabolic costs during early morning foraging should 

be greater than that of Bombus sonorus (assximing that Bombus sonorus has a 

metabolism similar to B. vosnesenskii), since the peak of foraging by 
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individuals of Apis mellifera at Chilopsis linearis occurs in the morning, before 

the temperature reaches 30° C (Brown et al. 1981, and impubl. data). 

Apis may also avoid robbed flowers more readily than Bombus because 

they can sense marking scents that Xi/locopa califomica, the nectar-robbing 

bees, leave behind. X. califomica avoids revisiting some robbed flowers in the 

greerihouse and in the field (unpubl. data). A related bee, Xylocopa virginica, 

avoids revisiting Passiflora incamata flowers that it pollinates, possibly because 

females use scent marks to avoid revisiting flowers (Frankie and Vinson 1977). 

Only marking behavior on legitimate pollinating visits by X. virginica has been 

researched, but Xylocopa califomica may use scent-marking to avoid revisiting 

robbed flowers as well. Other research indicates that two species of pollinators 

in the present study. Apis mellifera and Bombus sonorus, avoid flowers marked 

by other individuals within their own species. A. mellifera has been shown to 

avoid flowers scent-marked by other individuals in the same species (Giurfa 

and Nunez 1992). It has also been suggested that B. sonorus avoids scent-

marked flowers (Schmitt and Bertsch 1990). In all three cases, the identity of 

the chemical marking is unknown and the effects of marking on individuals of 

other species is also imknown. However, as suggested above, it is possible 

that Apis mellifera can sense the mark left behind from a robbing visit by X. 

califomica and chooses not to visit, while B. sonorus cannot. 

Finally, Apis may avoid robbed flowers while Bombus do not because 

Bombus have lower or slower learning abilities. Several studies have 

investigated aspects of the learning abilities of Apis and Bombus separately (e. 

g.. Dyer 1991, CoUett et al. 1993, Greggers and Menzel 1993, Gould 1993, 

Dukas and Real 1993), but none has yet compared them directly on the same 
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tasks. Duffield et al. (1993) have found that workers of Apis discriminate 

between flowers based on morphology (inflorescence length and number of 

bracts). One could test whether Apis leam to prefer flowers based on 

morphology or markings more quickly than Bombus do. 

Whatever the reason for the difference in Apis and Bombus behavior in 

response to robbed flowers, that difference may cause the effect of robbing on 

Chilopsis linearis to vary as relative abtmdances of visitors change. The effect of 

robbing also depends on the pollination efficiency of the pollinators, the 

prevalence of robbing, the level of self-compatibility of C. linearis and the 

amount of damage done to a flower during a robbing visit, all of which are 

being currently investigated. For example, if Apis is the least efficient 

pollinator, taking the reward provided by the plant without providing a 

reciprocal pollination benefit, the effect of robbing may be positive in years in 

which Apis is common. Willmer et al. (1994) have found that several species of 

Bombus transfer more pollen between Rubus idaeus flowers than Apis does, 

but the results may not apply directly to this study because Chilopsis flowers 

are shaped differently than Rubus flowers. If Bombus is more effective than 

Apis in pollinating Chilopsis, the effect of robbing may not be significant when 

Bombus predominates, because Bombus do not avoid robbed flowers. When 

pollinators vary in behavior and abundance, the overall effect of cheaters on 

the evolution of mutualisms may vary over time. 
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Figure 2. Visits to unrobbed flowers in a foraging bout (mean ± 1 SE, n = 33 
for Apis, 7 for Bombus) 
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APPENDIX B 

Title: Benefits and costs of floral visitors to Chilopsis li7iearis: poUen deposition 

and stigma closure 

Abstract—In pollination mutualisms, nectar-robbers are usually considered 

antagonists; visitors that enter flowers (legitimate visitors) are usually 

considered mutualists. However, nectar-robbers may provide some benefits 

to plants, whereas legitimate visitors may inflict some costs. I compared costs 

and benefits of floral visitors to Chilopsis linearis (desert willow). This plant 

was self-incompatible and pollen-limited, so the source of pollen (self vs. 

outcross) and number of pollen grains deposited affected reproductive 

success. Chilopsis had sensitive stigmas that closed immediately upon touch 

and may have reopened later. Stigma closiire may have been costly to plants 

if too few pollen grains were deposited to set fruit. I found that the 

probability of stigma reopening depended on the source and niimber of 

pollen grains deposited. I compared visitors by number of pollen grains 

deposited, viability of pollen that they deposited, and their effect on stigmas. 

Nectar-robbers did not deliver benefits to plants by depositing pollen grains, 

but they also did not inflict costs on plants by causing stigmas to close without 

adequate pollen having been deposited. Some legitimate visitors imposed 

costs on plants by reducing pollen viability; nectar-robbers did not. Overall, 

legitimate visitors usually conferred greater benefits on plants than nectar-

robbers did. However, a few legitimate visitors inflicted greater costs than 

nectar-robbers did, by causing stigmas to close without adequate pollen 
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deposited. In this way, legitimate visitors could inflict some costs on plants 

that nectar-robbers could not. 

Ke5mrords: pollinator effectiveness, mutualism, stigma closure, pollen 

viability, nectar-robbing 
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Introduction 

Mutualisms have been seen as exchanges of benefits, which antagonists 

can exploit by using or removing without providing reciprocal benefits 

(Bronstein 1994). However, though mutualists confer net benefits and have a 

net positive effect on a partner's fitness, mutualists can also inflict costs on 

partners (Janzen 1979; Keeler 1985; Templeton and Gilbert 1985; Bronstein 

2000). Conversely, antagonists may provide some benefits along with the 

costs they inflict. Comparing costs and benefits of both mutualists and 

antagorusts may elucidate conditioris under which mutualism may have the 

potential to switch to antagonism and vice versa, the evolution of specificity or 

generality within mutualisms (Trivers 1971; Schemske 1983; Bronstein 1994), 

and the stability of mutualism (Keeler 1985; Bull and Rice 1991). Comparing 

costs and benefits may also reveal conflicts between mutualists' interests and 

inform predictions about how mutualism evolves. For example, selection 

should act not only to increase benefits given to a mutualist, but also to reduce 

the costs inflicted by its partners. However, an evolutionary arms race may 

result because there is a conflict between mutualists' interests; a cost to one 

mutualist may translate into a benefit for the other. In addition, whether costs 

can be reduced by mutualists may depend on whether costs are correlated 

with benefits or whether the visitors that impose the greatest costs are the 

same visitors that provide the greatest benefits. 

Costs for plants in pollination mutualisms include resources spent 

providing attraction and rewards, but also include any effects by a floral 

visitor that reduce the chance of pollination by another visitor (Table 1). For 
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example, visitors may inflict a cost on a plant by reducing the viability of 

poUen that they touch and transfer to conspecific stigmas. Ants and wasps are 

known to reduce viability of pollen placed on their thoraxes (Harriss and 

Beattie 1991). However, whether floral visitors differ in their effect on 

viability of poUen moved to stigmas is unknown. Deposition of inviable 

pollen may be costly if it reduces the likelihood of future pollination. 

Costs and benefits are usually determined differently for different 

kinds of floral visitors, because floral visitors are typically divided a priori by 

behaviors. Visitors are usually considered to be mutualistic if they enter 

flowers (i.e., are "legitimate visitors") and appeeir to contact reproductive parts. 

Other visitors, such as nectar-robbing bees, appear to be antagonists because 

they remove nectar from flowers via slits in corollas, without contacting 

reproductive structures. However, if we wish to compare legitimate visitors 

to nectar-robbers in terms of costs that they inflict and benefits that they 

provide, both costs cind benefits of participants in an interaction should be 

determined regardless of their behaviors at flowers. For example, a nectar-

robber may be strongly beneficial if it touches anthers and stigmas of a flower 

that it robs (Waser 1979). For a self-compatible plant, a nectar-robber may 

also be beneficial if it causes pollen transfer within flowers by its movement 

on corollas. Conversely, a legitimate visitor may fail to touch stigmas of 

flowers that it enters, though it removes nectar. Thus, nectar-robbers could 

provide xmexpected benefits to plants and legitimate visitors could impose 

unexpected costs. 

In this research, I compared legitimate visitors (apparent mutualists) to 

nectar-robbers (apparent antagorusts) in their benefits and costs to one plant 
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species, Chilopsis linearis, during visits to flowers. I compared different genera 

of visitors in terms of the benefits delivered through a component of female 

reproductive success, pollen deposition (number of grains and source). I also 

compared visitors with regard to two costs: (1) reduction of pollen viability of 

deposited pollen, and (2) stigma closure after low-quality visits. The selective 

impact of each genus on the plant also depends on the visitation rate for each 

genus, not only the costs and benefits from individual visits. (Stebbins 1970 in 

Schemske 1983, Addicott 1985). Hence, I also determined the floral visitation 

rates of common visitor genera over several flowering seasons. 

Stigmas of Chilopsis flowers have 2 lobes that close upon contact. The 

phenomenon has not been well investigated, but stigmas of some species are 

known to reopen with time (Newcombe 1924; Bertin 1982). In order to 

quantify the cost of visitors depositing litfle pollen on stigmas, I examined 

factors that affect the likelihood of stigma closure and reopening, and the 

breeding system of the plant. I hypothesized that stigmas that close upon 

receiving a load of pollen may have different probabilities of reopening 

depending on amount, viability, and source (self vs. outcross) of that pollen. If 

stigmas close permanently only when they have received enough poUen to set 

fruits, then stigma closure may indicate that a visit has been beneficial. 

Alternatively, stigma closure may be costly if the stigma holds little viable 

pollen, because closure of the stigma prevents further pollination. 
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Methods 

The plant and the sites 

Chilopsis linearis (Bignoniaceae), the desert willow tree, grows along 

washes and roads in the Sonoran Desert from 0 to 1800 m (Turner et al. 1995). 

Chilopsis blooms from May to August, with a large pulse early in the season 

for 2-3 weeks at the sites in this study. During the pulse, a tree may have 

himdreds of flowers open simultaneously. After the pulse, only about 1-4 

flowers are open at a time on a tree. This mass-flowering plant (sensu Gentry 

1974) produces showy, purpKsh-white flowers on racemes. Flowers are 

zygomorphic and sympetalous, with a funnel-shaped, two-lipped corolla. 

Anthers dehisce and anthesis ocoirs in the late eiftemoon to early evening 

(day 0). At anthesis, flowers begin to produce nectar. Nectar production ends 

before dawn (Whitham 1977) and nectar is not renewed (unpubl. data). 

Flowers of C. linearis usually last 2 days; stigmas are imreceptive and closed 

on day 1. 

Fruit and seed production in the self-incompatible flowers (Peterson et 

al. 1982) have been found to be limited by pollen but not by resources at a site 

near Tucson, Arizona (Peterson et al. 1982). Fruit set at that site was 9 % 

(Peterson et al. 1982). Fruit set at 2 other sites near Tucson in other years was 

1.9 % - 12.8 % (Pfister 1989). To determine the number of ovules and seeds in 

fruits, I collected fruits in 1996 that were undamaged by seed predation. 

I conducted most experiments at a site in a large wash, 6.9 km N of 

Portal and San Simon Roads in Portal, Arizona (desert site, "DS", 1387 m, 31° 

57' N, 109° 07' W). A second site was located on Cave Creek, near Portal 
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("CC", 1463 m, 31° 54' N, 109° 08' W). Chilopsis bloomed in a pulse from May 

21-Jime 24,1995 and May 15-June 7,1996, respectively, at these study sites. A 

third site was located at the St. Mary's Road wash, near the Tucson Mountains, 

Tucson AZ ("TM"), which flowered during Aug. 28-Sept. 11,1996. 

To determine visitation rates, I observed visitors at DS in 1993 and 1994 

to large patches of flowers (16-285 fl.) for 17 and 7 half-hoior observation 

periods, respectively. In 1995 and 1996,1 calculated visitation rates at DS and 

CC based on 1/2 hr. observation periods, with the addition of observatioris of 

small patches of previously unvisited flowers (3-13 fl.) for 1/2 hr. - 2 hr. each 

day during pollination effectiveness experiments described below. (1995, DS: 

4 1/2 hr. obs. periods and 28 d. of smaU patches; 1995, CC: 41/2 hrs. and 7 d. 

of small patches; 1996, DS: 51/2 hrs. and 5 d. of small patches; 1996, CC: 6 

1/2 hrs. and 11 d. of small patches.) Data for two species of Megachile and for 

two species of Anthophora were combined for analyses. Male Anthophora were 

excluded, except for analysis of pollen deposition. I deposited representative 

insect specimens at the University of Kansas and University of Arizona. 

To determine rates of fnait set at DS, I marked all buds initiated below 3 

m on 3 trees during 3 days in 1993 (N = 228 flowers) and 1 day in 1994 (N = 

30). For each census, I rechecked buds twice each day for ovary or fruit 

abortion until corollas dropped. When corollas fell, I checked once a week for 

fruit abortion until collection of fruits 2-4 weeks after buds were marked. 

Breeding system and stigma closure 

Stigma lobes opened 37-43 hrs after anthesis, during the late morning 

of day 2. The two-lobed stigmas closed with touch. If no pollen was 
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deposited when stigmas were closed by the touch of a brush, they reopened 

after about 10 min. Stigmas sometimes reopened within 30 min. cifter closure 

caused by a floral visitor. Hydrogen peroxide tests (Dafhi 1992) showed that 

stigmas were only receptive when lobes opened, and then orily the inner 

surfaces of lobes were receptive. 

To confirm degree of self-incompatibility and to determine the 

response of stigmas and ovaries to pollen from different sources, I conducted 

several experiments. To determine degree of self-incompatibiKty of Chilopsis, 

I conducted experiments beginning 25 May, 1993 at DS, 1 June, 1994 at DS, 9 

Jime, 1995 at DS and 16 June, 1995 at CC. On day 0,1 emasculated and bagged 

buds to be hand-pollinated. I left another group of marked buds open to 

natural pollination. In addition, during hand-pollination experiments in 1995,1 

bagged buds to be used as pollen donors before anthesis to prevent 

contamination by pollen from other plants. On day 2, stigmas became 

receptive. I hand-pollinated recipients with an excess of pollen from either the 

same plant (self) or a different plant (outcross); in both cases, I collected pollen 

from 12 anthers from 3 flowers on one plant. For outcross pollen, the tree I 

used as a pollen source was ca. 150 m from the recipient. I rebagged flowers 

to prevent visitation and subsequently observed them for fruit production or 

ovary abortion. In addition to these treatments, I marked 258 buds at DS in 

1993-4 and observed them for natural pollination rates. I compared numbers 

of fruits set and aborted Ln selfed and outcrossed treatments from 1995 using 

Fisher's exact test. 

To compare probabilities of reopening of stigmas that were hand-

pollinated with either self or outcross pollen, I conducted an experiment on 28 
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Aug.-ll Sept., 1996, at TM. I bagged buds on several trees from 1630 to 1830 

on three afternoons (day 0). During the experiment, I removed all but target 

flowers from the bagged inflorescences. On day 2,1 applied an excess of 

pollen to recipients from first-day, male-phase flowers that were bagged and 

imvisited. Recipients were female-phase target flowers on the same and 

different trees. I used pollen from 12 anthers from 3 flowers from one tree at 

least 30 m away as the outcross pollen source. I rebagged the female-phase 

recipients. I returned to check for degree of stigma closure of each flower at 

approx. 10 min., 1 hr., and 2 hr. after hand-poUination, and at dusk of the same 

day, when coroUas were wilted and falling. For this paper, stigmas will be 

described as either "open", with lobes separated, or "closed", with lobes 

touching. I compared numbers of stigmas reopening or remaining closed 

after being treated with self or outcross pollen using a Fisher's exact test. 

From this experiment, I collected selfed and outcrossed styles from 

target flowers 32 hrs. after hand-pollination and observed pollen tube growth 

to determine whether plants have gametophytic or sporophytic 

incompatibility. I stained pollen tubes in the styles with aniline blue following 

methods in Dafni (1992). If plants have gametophytic incompatibility, 

incompatible pollen does not produce pollen tubes; Lf plants have 

gametophytic incompatibility, pollen tubes from incompatible pollen grow 

towards ovules but do not penetrate them. 

Pollen deposition by visitors and viability of deposited pollen 

I compared different genera of visitors according to number and 

viability of pollen grains and the duration of closure of stigma lobes after 
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visits. I marked about 400 buds over 37 days in 1995 and 1996 with 

permanent pen on the pedicel and with colored yam at least 20 cm distant on 

the branch. Between 1600-1830 on the day before flowers opened, I placed 

floral visitor exclusion bags over buds. That evening when buds opened and 

the next morning (day 1), I removed all but one flower within each bag to 

prevent pollen passing to unvisited target flowers within bags. 

From 0630-1030 of day 2,1 removed all of the bags in the patch and 

observed visitation. Before visitation, all stigma lobes were open. After an 

insect visited a target flower, I caught the insect, identified it, checked the 

flower for stigma closure, and rebagged the flower. I rebagged flowers that 

were not visited and used them as control flowers. Using ICruskal-Wallis tests, 

I compared the number of poUen grains deposited by visitors. 

2 to 5 hrs after visitation, I collected flowers and stained stigmas with 

Alexander's stain (Alexander 1980), which stains pollen differentially based on 

presence or absence of protoplasm, an indicator of viability. Using 

nonparametric multiple comparisons, I compared both number and viability 

of pollen grains deposited by visitors. 

Stigma closure after visitation 

In the experiment described above, I examined stigmas within a minute 

after each visit to determine whether stigmas closed irutially. I rechecked two 

to four hrs after visitation to determine whether stigmas remained closed 

permanently. For all visitors combined, I used logistic regressions to 

determine whether the number of pollen grains or viability of pollen 

deposited by visitors affected the probability of stigmas remaining 
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permanently closed. For each genus of visitor, I used Fisher's exact test to 

compare the initial probability of stigma closure with the probability of 

closure of control stigmas described below. Using a contingency table, I 

determined whether genus of visitors had an effect on the percentage of 

stigmas remaining permanently closed. 

Control (i.e., imvisited) flowers were compared with visited flowers in 

order to estimate the amount of self pollen on stigmas that was not deposited 

by visitation. Under nattiral conditions, the amotint of self pollen on stigmas 

would probably have been less than observed on stigmas in these 

experiments because some or all pollen would have been removed by visitors 

from anthers before stigma lobes opened (day 1). Comparing of the rates of 

stigma closure of visited flowers to rates of closure of unvisited flowers 

therefore controlled for the effect of the wind or investigator jostling 

pollinator exclusion bags and causing stigmas to close. 

Results 

Breeding system and stigma closure 

Open-pollinated, unmanipulated flowers produced fruits from 6 % of 

flowers (N = 270) from 1993-5. In contrast, flowers hand-pollinated with 

outcross pollen produced fruits from 44 % of flowers (N = 44, Table 2), which 

suggests that Chilopsis at DS was pollen-Umited. During the same years, no 

fruits were set from hand-pollination by self pollen (N = 42 flowers), which 

indicates that Chilopsis was self-incompatible. Stained stigmas and styles from 

selfed and outcrossed flowers confirmed that Chilopsis is self-incompatible. 
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Incompatibility was gametophytic; pollen tubes from self poUen reached 

ovaries but did not fertilize ovules. Because Chilopsis was pollen-limited and 

self-incompatible, pollen deposition was needed to achieve female 

reproductive success; the magnitude of benefit conferred by a visitor 

depended on amoimt and source of pollen deposited. 

Both source and amoimt of pollen deposited affected the probability of 

stigmas remaining closed after initial closure from touch. In hand-pollination 

experiments, stigmas remained permanently closed significantly more often 

after receiving outcross pollen than after receiving self pollen (Table 3). In 

addition to source of pollen, the probability of stigmas of visited flowers 

remaining permanently closed was also affected by the number of pollen 

grairis deposited (Fig. 1). After a visit, stigmas held 0 - 824 pollen grains (mean 

139, N = 188). For those stigmas that were closed irutially (indicating that they 

had been touched), for every 50 grains on the stigma, the probabiHty of 

reopening decreased by a factor of 2 (r^ = 0.33, p < 0.0001, N = 56; Fig lA). 

However, the probability of stigma reopening was not affected by deposition 

of inviable pollen by visitors (r^ = 0.0054, p < 0.57, N = 44; Fig IB.) These 

results indicate that the source and amount of pollen deposited on stigmas, 

but not viability of that poUen, affected the probabiKty of stigma reopening. 

Thus, stigmas were more likely to remain permanently closed when large 

amounts of outcross pollen had been deposited. 

Visitation rate and rates of pollen deposition 

Chilopsis flowers were visited primarily by bees, but also by 

hummingbirds (Brown et al. 1981) and Lepidoptera. Bees, especially Bombus 
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sonorus and Apis mellifera, were the most common visitors entering flowers 

from 1993-1996 at DS and at CC (Table 4). One bee, Xylocopa califomica, 

robbed nectar. Visitation to flowers by both legitimate visitors and nectar-

robbers peaked aroimd 0700-0930, depending on temperature. Visitors were 

almost completely absent from 1130-1630, and then returned in smaller 

numbers from 1630 to dusk. I did not see nocturnal visitors during several 

nights of observ'^ation (unpubL data). Among the most common visitor 

genera, the order of abundance changed among years. Apis were more 

common in 1993, whereas Bombiis were more common in 1994 and 1996. The 

nectar-robbing bees, Xylocopa, were present in all years. Rare visitors included 

Megachile bees, hiommingbirds {Archilochus colubris and Selasphorus 

platycercus), and halictid bees. 

The relative benefits conferred by legitimate visitors and nectar-

robbers depended partly on the nixmber of pollen grains each genus 

deposited on Chilopsis stigmas. All flowers had poUen on stigmas. In the case 

of control flowers, these grains were presumably from anthers of the same 

flower (autogamous pollen). One legitimate visitor, Bombiis, deposited 

significantly more poUen during visits than was foimd on control flowers (Q = 

3.77, N = 49, QO.05, II = 3.317, p < 0.05, Fig. 2). In contrast, stigmas of flowers 

visited by legitimate visitors Anthophora, Apis, Megachile, and nectar-robbing 

Xylocopa did not have significantly more pollen than was foimd on control 

stigmas (Q = 2.30, N = 14; Q = 0.163, N = 35; Q = 0.317, N = 15; Q = 2.16, N = 37; 

QO.05, 11 = 3.317, Fig. 2). Thus, only one legitimate visitor was more beneficial 

than robbers in terms of pollen deposition per visit. 



5  1  

The relative benefits conferred by a given visit also depended on the 

number of ovules in the visited flower. Fruits collected in 1996 had 50 - 97 

ovules (N=28) and a minimum of 18 seeds. 

Frequency distributions of pollen grains deposited per visit for the 

most common visitors (Fig. 3) show that visits within genera vary greatly in 

amounts of pollen deposited. Several flowers received few pollen grains 

when visited by Bombiis, a visitor that generally deposited many pollen grains. 

Conversely, several flowers visited by Apis received hundreds. Thus, 

individual visits from each genus of legitimate visitor ranged from strongly 

beneficial to weakly beneficial, depending on number of pollen grains 

deposited, although on average, Bombus benefited plants and Apis did not. 

Stigma closure after visitation 

In 42.2% of all visits (n = 148), stigmas immediately closed, indicating 

that they had been touched by the visitor, in comparison to control stigmas, 

which closed at a rate of 2.2% (n = 36). Stigmas closed immediately upon visits 

by legitimate visitors Bombus, Anthophora, Megachile, and Apis significantly 

more often than stigmas of imvisited flowers (Fig. 4), indicating that these 

legitimate visitors often touched stigmas and so had the potential to deposit 

pollen. In contrast, Xylocopa, nectar-robbing bees, did not cause stigma closure 

any more than in control stigmas (Fig. 4), presumably because they removed 

nectar from slits in corollas. Because nectar-robbers did not contact stigmas, 

the few stigmas that were closed temporarily following those visits were 

likely due to wind or jarring of pollinator exclusion bags. 
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Some stigmas touched by visitors remained permanently closed after 

visitation (Fig. 4). In contrast, control stigmas and stigmas of robbed flowers 

never remained permanently closed (N = 36,38). All legitimate visitors caused 

some permanent stigma closure, even though only Bombus deposited 

significantly more pollen grains than fovmd on control stigmas (Fig. 2). 

Legitimate visitors differed in the probability that stigmas they touched 

remained closed (G^^ = 8.8, df = 3, p < 0.03); Bombus visits led to the largest 

percentage of permanent closure and Apis visits led to the smallest. 

Viability of Deposited Pollen 

Because the likelihood that stigmas reopened was not affected by 

pollen viability (Table 5), deposition of inviable pollen may have infUcted a 

cost on the plant by leading to permanent stigma closiire and reducing the 

probability of later successful pollination. This cost could only have been 

inflicted by legitimate visitors, not nectar-robbers, because only legitimate 

visitors touched stigmas. Of the legitimate visitors, only Bombus and 

Anthophora deposited pollen of significantly reduced viability compared to 

pollen found on unvisited flowers (Table 5). Thus, Bombus, the visitor that 

conferred the greatest benefit to plants in terms of pollen deposition (Fig. 2), 

also reduced pollen viability the most. The costliness of deposition of inviable 

pollen depended on the cost of missed opportimities for later pollination, 

which was not measured. However, benefits probably outweighed costs for 

most Bombus visits: two Bombus reduced pollen viability by 64% in 

comparison to controls, but on average Bombus reduced viability by only 5%. 
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Discussion 

Benefits and costs of legitimate visitors and nectar-robbers 

Understanding both benefits conferred and costs inflicted from all 

participants in a mutualism is critical for predicting selective forces acting on 

mutualisms. These forces may act on mutualists to reduce costs, to exclude 

antagorustic visitors, or to move towards generality or specificity. Costs and 

benefits in most mutualisms, besides pollinating seed predators such as joiccas 

and figs, are in different currencies, so it is difficult to determine net effects of 

visitors (i.e., gross benefits minus costs). Thus, in the Chilopsis pollination 

mutualism, the presence and magnitude of different costs and benefits from 

legitimate visitors and nectar-robbers were investigated. In this study, only 

legitimate visitors ever conferred benefits to plants, but legitimate visitors also 

inflicted some costs that nectar-robbers did not. 

Certain legitimate visitors conferred no greater benefits to plants than 

did nectar-robbers, in terms of pollen deposition. On average, only one 

species, Bombus, conferred more benefits to plants than did nectar-robbers, 

though pollen deposition varied greatly among visits of each legitimate visitor 

species. In contrast, stigmas of flowers visited by Apis usually held nearly the 

same number of pollen grains as those visited by nectar-robbers, though a 

few Apis deposited a large quantity of pollen. 

Whether visits in which Apis deposited few pollen grains resulted in a 

beneficial net effect to the plant depended on the cost of stigma closure, which 

depended on the breeding system of the plant. Because Chilopsis was self-
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incompatible, only outcross pollen deposition yielded benefits for plants. 

Thus, a stigma must have been touched by a visitor to set a fruit. Rates of 

temporary closure identified genera that generally touched stigmas and thus 

had the potential to confer benefit to plants. Rates of permanent stigma 

closure m.ore precisely distinguished genera that generally deposited large 

amounts of pollen, such as Bombus, from genera that did not, such as Apis and 

nectar-robbers, because the likelihood of permanent closure depended on 

amount of pollen deposited. 

Though stigma closure generally indicated that a benefit had been 

given, after some visits stigma closure may have been costly. Legitimate 

visitors other than Bombus (Apis, Megachile, and Anthophora) did not deposit 

significantly more pollen grains than did nectar-robbers, although they did 

cause some permanent stigma closure. It is likely that permanent stigma 

closiire by ineffective legitimate visitors 'A^as caused by deposition of a few 

outcross pollen grains, because the likelihood of permanent stigma closxire 

depended on deposition of outcross grains (Fig. 1). In these cases, the benefit 

of pollen deposition probably was outweighed by the opportimity cost 

resulting from stigma closure, because closure prevented later successful 

pollination. Even temporary closure may have been costly because stigmas 

generally reopened two hrs. after closure, which may have prevented 

pollination during the daily period of high visitation to plants. In contrast, 

nectar-robbers did not cost plants by leading stigmas to close permanently. 

The cost of stigma closure depended on whether more grains had been 

deposited during a visit than the minimum number of pollen grains needed to 

set a fruit. Because a minimum of 18 seeds was found in collected fruits, there 



may have been a minimiun number of fertilized ovules necessary for a fruit to 

mature- If 18 outcross poUen grains were needed to set a fruit, then at least 

ca. 100 grains should be on a stigma for a finiit to mature (i.e., 18 + 81 

autogamous foimd on control stigmas = 100), though larger pollen loads 

would probably have to be deposited to ensure that 18 grains are of outcross 

origin. Experiments would be needed to confirm the Vcdidity of these 

estimates. Of those stigmas that remained permanently closed (N = 52), 37% 

had received fewer than 100 viable pollen grains. Thus, under these 

assumptions, ail legitimate visitor species may have sometimes caused stigmas 

to close permanently with too few grains to set fruit (13% of visits by Bombus, 

24% by Apis, and 11% by Megachile, and 9% by Anthophora ; sample sizes were 

too small to compare genera statistically). In contrast, no nectar-robbers 

inflicted this cost on plants, because visits by nectar-robbers did not lead to 

permanent stigma closure. 

Another cost that the legitimate visitors Bombiis and Anthophora inflicted 

that nectar-robbers did not was deposition of inviable pollen. Deposition of 

inviable pollen was costly for the plant because inviable poUen was as likely to 

lead to stigma closure as viable pollen. However, this effect was probably not 

biologically significant to the plant, because the reduction was so small; 

Bombus and Aiithophora only reduced pollen viability about 5%, on average. In 

other studies, contact with Apis has been found to decrease pollen viability 

significantly, particularly when the pollen is in the pollen baskets on the legs 

(Kubisova and Haslbachova 1989, Vaissiere et al. 1996). However, Chilopsis 

pollen was probably deposited by contact with the bees' thoraxes, whereas 
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pollen in pollen baskets would have permanently lost the potential to pollinate 

stigmas. 

The effect of visitors on plants depended on more than relative benefit 

or cost to a plant; it also depended on visitation rate. Because Bombus, Apis, 

Anthophora, and the nectar-robber Xylocopa all visited plants often, they 

potentially had a significant effect on the reproductive success of plants, 

depending on whether they delivered a benefit to plants by depositing a large 

amount of outcross pollen. 

Stigma closure in pollination mutualisms 

In many pollination mutualisms, the effect of floral visitors may depend 

pardy on stigma closure. Stigmas with lobes that close from touch are known 

from all Bignoniaceae (Bertin 1982) and Mart)miaceae that have been tested. 

Sensitive stigmas are also known from some genera within Acanthaceae, 

Lentibulariaceae, and Scrophiolariaceae (Newcombe 1924). 

Benefits of stigma closure that may compensate for costs have been 

suggested, but rarely investigated. They include the following. 1) Stigma 

closure may keep an incoming load of outcross pollen concentrated at the 

flower on which it was deposited on (Thieret 1976; Bertin 1982). If outcross 

pollen is limiting, this may provide a benefit for plants. That function is likely 

to be especially important in a pollen-limited, self-incompatible plant such as 

Chilopsis, which may have a threshold number of pollen grains needed to set a 

fruit. Closure may 2) prevent male reproductive success from being reduced 

because pollen is lost on the plants' own stigmas (pollen discounting) or 3) 

cause the stigma to move away from anthers and thus to maximize pollen 
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removal from anthers (Webb and Lloyd 1986). This function is probably not 

relevant for Chilopsis, because anthesis occurs a day before stigmas open. 

Closure may also 4) aid pollen germination in dry habitats (Newcombe 1924). 

This h5^othesis may be valid for Chilopsis, because pollination of Chilopsis 

occurs during the summer in the Sonoran Desert. However, this latter 

h5^othesis was not supported in Mimulus growing in a dry habitat; pollen 

germination was not greater in closed stigmas than stigmas that were forced 

open (Fetscher and Kohn 1999). 

Alternatively, stigma closure could have evolved due to selection in the 

past but have no current function. The presence of sensitive stigmas in the 

families related to Bignoniaceae is likely to be a synapomorphy, such that the 

presence of stigma closure may be a result of phylogenetic constraint rather 

than a current adaptation. 

The effect of stigma closure on pollination mutucdisms depends on the 

mechanism of closure, because stigma closure and reopening partly 

determines whether visitors that deposit few grairis wQl be ultimately 

antagonistic as single visitors or mutualistic in combination with other visitors. 

The timing of stigma reopening suggested either that incompatible pollen was 

recognized in two locations, one at the stigma surface or upper stigma and 

another at the ovary, or that the first pollen tube from outcross pollen to 

penetrate an oviile sent a chemical signal to the stigma lobes to remain closed. 

At the stigma level, stigma lobes peaked in reopening two hours after they 

received a load of self pollen. However, it was hours later that pollen tubes 

from outcross pollen reached ovules and pollen tubes from selfed pollen failed 

to fertilize ovules. Because the timing of stigma closure is critical to 



5 8  

understanding costs and benefits of visitors in pollination mutualisms, stigma 

closure should be studied across plant families. If plant species with similar 

pollinators and environments converge on similar timing of stigma closure 

and reopening, it is likely that selection has been acting on the mechanism in 

resporise to costs and benefits of visitors. 

Conclusion 

Nectar-robbers in other pollination mutualisms can be antagonists of 

plants by destroying flowers (McDade and Kinsman 1980). A few nectar-

robbers can also be mutualists, by pollinating flowers while they rob (Waser 

1979). Although nectar-robbers did not provide benefits to Chilopsis by 

depositing pollen, they also inflicted no cost on the plant by leading stigmas to 

close permanently or by depositing inviable pollen, in contrast to legitimate 

visitors. Nectar-robbers potentially could have exacted an indirect cost from 

plants by removing nectar and causing pollinators to avoid flowers. 

However, in other work I have found that nectar removal did not affect the 

behavior of Bombiis (Richardson 1995, Appendix A), usually the most effective 

pollinator, whereas the ineffective Apis avoided robbed flowers. Thus, nectar-

robbers did not inflict a cost on plants in female reproductive success either 

directly or indirectly, in contrast to some legitimate visitors. 

Thus, in Chilopsis, legitimate visitors both imposed the greatest costs on 

plants and provided the greatest benefits to plants. It has been suggested that 

in generalized mutualisms, mutualists can control costs of partners by 

excluding the most cintagonistic visitors (PeUmyr 1997). However, in Chilopsis, 
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selection may not be able to act to exclude antagonistic visitors because they 

are individuals of the same genera as mutualistic visitors, rather than differing 

in their behavior and morphology as nectar-robbers and legitimate visitors 

do. 
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Table 1. Benefits and costs of a single visitor to a flower in a pollination 
mutualism. 

Female Reproductive Success Male Reproductive Success 
Benefits Benefits 

poUen deposition pollen dispersal to another plant 

stigma closure, if adaptive pollen dispersal to self flowers (if self-
compatible) 

Costs 
deposition of rnviable pollen, if it 

reduces likelihood of 
successful pollination 

effects of a visit that reduce 
probability of another 
successful visit (i.e., 
opportimity cost)—stigma 
closure, tripping a mechanism, 
scent-marl^g, damage or 
color change in flower, 
clogging stigma with other 
species of pollen 

resources spent making flower and 
floral rewards 

Costs 
reduction of pollen viability by 

contact 

effects of a visit that reduce 
probability of another 
successful visit (i.e., 
opportTonity cost)—pollen or 
anther removal, tripping a 
mechanism, scent-marking, 
damage or color change in 
flower 

pollen dispersal to self flowers or 
same genot3^e if incompatible 
(pollen discounting) 

resources spent making flower and 
floral rewards, including 
pollen eaten by visitor 

pollen lost by pollinator grooming or 
transferred to different species 
of plant 

seeds given to pollinating seed 
predators (i.e., yuccas, figs) 



Table 2. Percent fruit set, total buds marked in parentheses. 2-4 weeks after buds 
were initiated. Natural pollination rate was determined from buds marked 
and left unmanipulated. Selfed and outcrossed flowers were pollinated by 
hand; pollen donors were bagged in 1995. Treatment 1 was conducted at 
DS, treatment 2 at DS and CC. Treatments 1 vs. 3 and 2 vs. 3 were 
compared usin^ contingency tables, p < 0.Q5. 

Treatment 1993 1994 1995 Total 
1) Natural pollination rate 4 (234) 6 (36) ~ 6 (270) 
2) Selfed 0 (6) 0 (6) 0 (30) 0 (42) 
3) Outcrossed 25 (8) 0 (8) 59 (32) 44 (48) 
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TABLE 3. Percent stigma closure after deposition by hand of 25-100 grains of 
self or cross pollen. Sample sizes are in parentheses. 

Stages 
Pollen Source 

Self Cross p-value 
% initial closure following hand pollination 
% remaining closed imtil corolla fallen 

100 (29) 100 (29) 
58.6 (29) 82.8 (29) p = 0.04 
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Reopened Remained Closed 

Reopened Remained Closed 

Fig 1. Comparison between stigmas that reopened after being closed by 
visitors and stigmas that remained permanently closed. (A) Mean numbers of 
pollen grains deposited by visitors (N = 23,30). (B) % viable pollen deposited 
by visitors (N = 17,25). Bars represent + 1 SE. 



TABLE 4. Summary of visitation rate (# visits by each taxon/fl-hr). 
Visitor 1993-DS 1994-DS 1995-DS 1995-CC 1996-DS 1996-CC 

Bombus 0.035 0.40 0.027 1.3 0.050 0.47 
Anthophora 0 0.039 0.027 0.042 0 0.015 
Megachile 0 0 0.076 0.048 0.011 0.0031 
Apis 0.21 0.15 0.13 0.14 0.022 0.098 
Xylocopa (nectar-robber) 0.029 0.23 0.36 0 0.043 0.0092 
Other insects 0.0067 0.014 0.066 0.083 0.0036 0.018 
Hummingbirds 0.0033 0.014 0 0 0.079 0.055 

a\ 
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Fig. 2. Summary of mean numbers of pollen grains found on stigmas after 
single visits to previously unvisited and bagged Chilopsis linearis flowers. N's 
above bars indicate number of observations of each species of visitor. Vertical 
bars indicate +1 SD around the mean. Asterisk above bar indicates species 
that deposits significantly more pollen grains than found on unvisited, control 
flowers, based on nonparametric multiple comparisons. 
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Fig. 3. Number of pollen grains on stigmas after single visits by most 
common visitors and imvisited control flowers. N = sample sizes. (Bombus 
and Apis were sigruficantly different from controls, and Xylocopa was not, in 
nonparametric multiple comparisons; Bombus: Q = 3.77, N = 49, Apis: Q = 
0.163, N = 35, Xylocopa: Q = 2.16, N = 37; Qo.os, ii = 3.317.) 
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Fig. 4. Percentage of stigmas closed initially by touch of visitors and 2-4 hrs. 
after visitation. Sample sizes of total # of stigmas closed are above bars. 
Differences between visited flowers and control flowers in rates of initial 
closure were compared using Fisher's exact test. Asterisks indicate genera 
significantly different from control in percentage of initial closure. 
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TABLE 5. Summary of mean percent viable pollen grains deposited on stigmas by a 
single visitor, ± 1 SD of the mean. Sample sizes of total # of stigmas closed are 
in (). Raised letters indicate similar groups based on nonparametric multiple 
comparisons, p < 0.05. 

Visitor Mean % viable pollen 
Control 90.7 ± 11-4 (30) a 
Legitimate visitors 

Bombus 85-3 ± 21.7 (31) b 
Apis 91.4 ± 17.9 (26) a 
Anthophora 86.7 ± 19.7 (10) b 
Megachile 93.1 ± 9-9 (9)a ,b  

Nectar-robber 
Xylocopa 93.2 ± 13.9 (35) a 
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APPENDIX C 

Title; The Effects of Nectar-robbers on Mutualists—Costly or Beneficial? 

Abstract. Mutualisms are beneficial interactions between species that also 

may exploit each other. Theories have predicted that the fitnesses of 

mutualists are tied together, so the presence of outside species that take 

rewards without providing reciprocal services, "cheaters", should have costs 

for both mutualistic partners. Cheaters in general are predicted to cost 

mutualists; however, theories specific to pollination biology predict that 

nectar-robbers, one kind of cheater, will benefit plants by causing pollinators 

to move quickly from robbed plants, carrying pollen to other plants. Nectar-

robbing bees {Xylocopa californica), presumably have a negative effect on the 

behavior of pollinators visiting desert willow {Chilopsis linearis) by competing 

with them for nectar. I tested whether pollinator behavior is affected by the 

presence of nectar-robbers and whether nectar-robbing had a costly, neutral, 

or positive indirect effect on the other partners in the mutualism, the plants. 

Nectar-robbers reduced levels of reward available to mutualists; unrobbed 

and robbed flowers had the same probability of containing nectar, but nectar 

volumes were lower in robbed flowers. Apis mellifera, ineffective pollinators in 

terms of pollen deposition, avoided robbed flowers and spent less time in 

robbed flowers than in unrobbed flowers. Bombus sononis, effective 

pollinators, did not avoid robbed flowers. Bombus did spend less time in 

robbed flowers, but the time that they spent in flowers was not correlated 

with pollen deposition. Thus, nectar-robbers may have had a positive effect 



on plants by changing the behavior of the least effective pollinators. I 

investigated the indirect effects of robbing on the plant's male reproductive 

success by examining whether powder mimicking pollen dispersed farther 

from robbed flowers than from imrobbed flowers. On some days, powder 

dispersed farther from robbed flowers, indicating that robbing may 

sometimes be beneficial to plants. I also determined whether female 

reproductive success, measured by the number of pollen tubes growing in 

styles, was affected by robbing. I found that there was no difference in pollen 

tube number between robbed and imrobbed flowers, which means that 

robbers do not cost plants directly by damaging flowers or indirectly by 

reducing their female reproductive success. Overall, this study suggests that 

changes in behavior of one mutualist in response to cheating, presumably 

resulting from competition between mutualist cmd cheater, may sometimes 

benefit the other mutualist. 
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Introduction 

Recently, researchers have become interested in the balance between 

conflict and cooperation in mutualisms. Mutualists may only benefit each 

other under certain conditions (Bronstein in prep.) or may have parts of their 

life histories in which they are antagonistic towards each other (Templeton 

1985; Addicott 1986). Mutualists may also switch back and forth from 

antagonism to mutualism over ecological or evolutionary time (Omelas 1994; 

Pellmyr et al. 1996). Given that mutualists can both cooperate and exploit each 

other, how wiU the intrusion of other species affect the interaction? For 

example, how will mutualists be affected if another species removes a reward 

that one partner offers its mutualist? 

Some theories of the evolution of mutualism predict that this "cheater" 

on a mutualism (Bronstein in prep.), also known as an "aprovechado" 

(Soberon and Martinez del Rio 1985), "parasite" (Letoumeau 1991), "exploiter", 

or "antagonist" (Bronstein 1997), will cause a mutualism to become extinct 

(Trivers 1971; Bull and Rice 1991). This extinction will occtir because the 

cheater removes rewards without incurring the cost of providing a service or 

reciprocal reward to the mutualistic partner. By not reciprocating, a cheater 

may gain a competitive advantage over a mutualist. Because the fitnesses of 

mutualistic partners are correlated in theory (Addicott 1981; Keeler 1985), the 

expectation is that a cost to one partner will negatively affect the other 

partner. For this reason, mutualisms have often been predicted to be 

evolutionarily unstable (Boucher 1982; Poulin 1995). These theories assume 

that cheaters have a negative effect on one mutualist by competing with the 
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other mutualist for rewards and by reducmg the services provided. 

Altematively, some means of punishing the cheater (Mesterton-Gibbons and 

Dugatkin 1992) or controlling the cheater without excluding mutualists 

(Pellmyr and Huth 1994, Noe and Harrunerstein 1994; Schwartz and 

Hoeksema 1998) may evolve. 

However, a different outcome has been predicted for one kind of 

cheater, nectar-robbing bees. As cheaters on the plant-poUinator mutualism, 

nectar-robbers take nectar from a flower by cutting a slit ia the corolla and 

removing nectar, usually without pollinating. It has been suggested that 

nectar-robbers may have a positive effect on a plant if they reduce average 

levels of nectar (Heirmch and Raven 1972; Zimmerman and Cook 1985) or 

increase variability between patches, because pollinators in search of nectar 

must carry poUen farther between plants. A pollinator may disperse farther 

from robbed flowers either because it must visit more flowers to collect the 

same amotmt of nectar, or because it searches for unrobbed flowers after it 

has encountered several robbed ones. Longer flight distances by pollinators 

are likely to result in pollen moving further from close relatives of the plants, 

thus decreasing inbreeding (Gentry 1978; Inouye 1983). A pollinator 

encoimtering robbed flowers may also leave plants in search of imrobbed 

patches on other plants, which would benefit multiple-flowered and self-

incompatible plants. In this way, nectar-robbing may indirectly benefit a 

plant. These hypotheses lead to another: the benefit of robbing should 

increase with variability between patches, because variability makes it likely 

that pollinators will search for less robbed patches. The necessity for 

poUinators to search for nectar depends on amounts of nectar left in robbed 
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flowers and energetic costs of pollinators. However, if the intensity of 

robbing is even over the site, pollinators should not search for less robbed 

patches. In this scenario, cheaters affect one mutualist (pollinators) negatively 

by competing with them for limited rewards (nectar), but benefit the other 

mutualist (the plant) indirectly by changing pollinators' behavior. 

In the Sonoran desert in Arizona, the abimdant carpenter bee, Xylocopa 

califomica, robs nectar from the desert willow, Chilopsis linearis (Bignoniaceae). 

This system is particularly well-suited to investigate the effects of nectar-

robbing for several reasons: 1) the plant is pollen-limited (Appendix B), so 

pollen delivery by pollinators is important for its reproductive success; and 2) 

the plant is cornucopia-flowering, (sensu Gentry 1974), producing hundreds of 

flowers at one time, and self-incompatible (Petersen et al. 1982; Appendix B). 

Hence, there is a potential conflict between mutualists; it would benefit the 

plant if pollinators move between plants, but pollinators have the option of 

remaining at one plant foraging on nectar from numerous flowers. Benefits 

to the plant are greater if pollinators visit a few flowers and then leave the 

plant. For this reason, any effect that will cause pollinators to leave the plant 

with its pollen will potentially increase the male reproductive success of the 

plant. 3) Finally, Chilopsis does not possess an obvious mechanism to exclude 

or punish nectar-robbing bees. Gentry (1990) hj^othesized that other 

members of Bignoniaceae have clustered flowers or stiff calyces in order to 

protect flowers from nectar-robbers. However, calyces do not prevent 

robbing in Chilopsis and flowers are not tightly clustered. 

To determine the effect of the nectar-robbing bees on the pollination 

mutualism, I addressed four questions: 1) How does the removal of nectar by 
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nectar-robbers affect the behavior of "legitimate" pollinators (those visitors 

that enter flowers and potentially transfer pollen)? 2) Is the net effect of 

robbing to the plant costly or beneficial, in terms of male and female 

components of reproductive success? 3) If nectar-robbing benefits a plant by 

increasing pollen flow, does that benefit vary with either the intensity or 

variability of robbing? Finally, 4) If nectar-robbing is costly, does its effect 

change with the interisity of robbing? One might predict that a low intensity 

of exploitation may not measurably affect a mutualism, but a greater inter\sity 

wiU. 

Methods 

Background: 

Chilopsis linearis (desert willow) is a cornucopia-flowering tree (Gentry 

1974) that blooms in late May to early June in desert washes in the 

Southwestern U. S. and Mexico. This tree is foimd growing in washes 

alongside desert flats containing nests of Xylocopa, carpenter bees. The two 

sites used in this study were in S. Arizona, Cochise Co., near Portal, Arizona. 

At "Desert Site" (DS), located 6.9 km N of Portal on the San Simon Road, trees 

grew along the sides of a wash in the desert (elev. 1387 m) near the Chiricahua 

Mountains. All experiments were conducted at DS except where noted. The 

other site, "Cave Creek" (CC), was at slightly higher elevation (1463 m), about 

nine km from DS. Trees at CC bloomed slightly later than those at DS. 
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During 1-3 weeks, the trees produce hundreds of trumpet-shaped flowers. 

Trees bloomed at DS from May 20-June 7,1993, May 12- May 13,1994, May 

18-June 16,1995, and May 15-May 22,1996. At CC, trees bloomed June 1-June 

13,1994, June 13-June 23,1995, and May 21-June 1,1996. At both sites, the 

most common visitors to Chilopsis were bumblebees (Bombiis sonorus), 

honeybees {Apis mellifera), and nectar-robbing bees, Xylocopa califomica 

(Richardson 1995; Appendix A; Appendix B). Ruby-throated hummingbirds 

{Archilochus colubris) were occasionally seen at DS. Black-chinned {Archilochus 

alexandri) and broad-tailed huminingbirds (Selasphonis platycercus) 

occasionally visited flowers at CC. At both sites, little other floral nectar was 

available until Ipomopsis longiflora bloomed near the end of the flowering 

season of CC. 

Nectar in Chilopsis was produced as buds open late in the afternoon, 

during anthesis. Nectar did not refill (Whitham 1977). The protandrous 

flowers last approx. 2 days. Stigma lobes open and stigmas become receptive 

during the morning of the second day (Appendix B) 

When nectar-robbing bees {Xylocopa califomica) visited Chilopsis flowers, 

they landed on the base of the flower without touching anthers or stigmas. 

They slit the corolla with the sharp galeae that covered their tongues and 

removed nectar through the slit. Other visitors foraged "legitimately" through 

the entrance of the flower, with the exception of an occasional butterfly that 

visited slits made by nectar-robbers. 

Intensity and Patchiness of Robbing 
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I evaluated changes in the frequency and between-tree variability of 

robbing over flowering seasons. To do this, I counted the percentage of 

robbed flowers every 2 days at 10:30 a.m. during 1995 and 1996 at DS. I 

measured the percentage of robbed flowers in a sample of approx. 100 

haphazardly chosen flowers, usually divided among three trees that were 

judged to have the greatest number of flowers open at one time. At the end 

of the season at DS, I checked flowers on more trees to complete the survey of 

100 flowers. In order to determine the between-tree variability of robbing, I 

calculated the coefficient of variation (cv) for each day of the survey on which 

intensity of robbing was determined using only three trees. 

Measurement of Nectar 

I compared amoimts of nectar remaining in robbed cmd unrobbed 

flowers by measuring nectar in both types of flowers with a micropipette at 

several times over the day. Even though the number of visits to each type of 

flower was unknown, I predicted that robbed flowers would have less nectar 

than unrobbed flowers measured at the same time of day, because robbed 

flowers must have been visited at least once, whereas unrobbed flowers could 

have been imvisited. Nectar in unvisited flowers was measured in order to 

determine whether nectar was secreted throughout mornings. I sampled 

nectar volixmes during the first morriing that flowers were open to visits by 

legitimate visitors (day 1) on six days in 1993,1994 and 1995 at DS. On two of 

those days, I also sampled nectar from bagged, imvisited flowers in order to 

compare the amount produced by the plant over the same period of time. It 
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was not possible to measure nectar concentration for most flowers because 

the water in samples evaporated immediately. Because many flowers had no 

nectar, testing for differences in amounts of nectar between robbed and 

unrobbed flowers was complicated. First, I compared the proportion of 

flowers that contained nectar in robbed and unrobbed flowers using a G-test 

for measurements sampled within 2-hr intervals. Second, for those flowers 

that contained nectar, I compared the volumes of nectar present in robbed 

and unrobbed flowers within 1-hr intervals in a nonparametric 2-way 

Kruskal-Wallis test. I used presence of robbing and time as factors. Finally, I 

measured nectar volume in imvisited, bagged flowers between 2-hr intervals 

to determine whether nectar was continually produced in the morning. 

Pollinator behavior 

From 1993-6 at DS and CC, I determined the behavior of pollinators at 

robbed flowers. First, because robbed flowers contained less nectar, I tested 

the hj^othesis that legitimate visitors spend less time in robbed flowers than 

in unrobbed ones. In the same experiment, I also tested whether these 

visitors avoided robbed flowers. In 34 half-hour observation periods, I used 

colored thread on flower pedicels to mark approx. 100-200 robbed and 

unrobbed flowers in one part of a tree (i.e., a patch). During observations, I 

stood on a 6' ladder about 2-3 m away. I observed legitimate visitors entering 

robbed and unrobbed flowers. I compared length of visits to robbed and 

unrobbed flowers using a Mann-Whitney U-test for each species of visitor. 
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Second, I hypothesized that legitimate visitors would avoid robbed 

flowers within patches. During observation periods, I counted the proportion 

of unrobbed flowers that visitors entered and compared that to the 

proportion available in observed part of the tree. I hypothesized that visitors 

avoided robbed flowers. I assumed that if visitors avoided robbed flowers, 

then the proportion of visits made to robbed flowers would be less than 

expected by chance, i.e., less than the proportion present on the tree. I tested 

this hypothesis using a log-likelihood ratio goodness of fit test for each species 

of visitor. For this hypothesis, I focused on honeybees and bumblebees, 

because they were the most common species of legitimate visitors during the 

years studied (Richardson 1995; Appendix A; Appendix B). 

In a third experiment, I investigated further the behavior of honeybees 

at robbed flowers. After I found that honeybees avoided robbed flowers (see 

Results), I tested whether they used the presence of slits in flowers as a cue to 

identify robbed flowers. On eight days over two seasons, I bagged about 100 

buds in a patch on a tree and waited two days for all of the flowers to open. 

In the morning of day 2,1 imbagged the flowers and removed other flowers 

within the patch. I slit the flowers of one-half of the patch with a razor blade 

in order to simulate robbing. I touched all the flowers on the other half of the 

patch, but did not slit them. I did not remove nectar from any flowers. Over 

1-hr observation periods on day 2,1 observed the number of flowers on each 

side of the patch that each honeybee visited. I hypothesized that if honeybees 

avoided robbed flowers using visual or odor cues from slits, then the 

proportion of pollinators that visited more slit (robbed) flowers would be less 
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than expected by chance alone. I tested this h5rpothesis using a Wilcoxon 

signed-rank test with each visitor as an observation. 

In a fourth experiment, I tested whether visit length was correlated 

with amount of pollen deposited by bumblebees. At CC, I bagged flowers as 

buds in order to prevent visitation, then imbagged them two days later when 

the stigma lobes were open and receptive. I recorded the length of time that 

bumblebees spent visiting these flowers. After each visit, I collected the 

stigma and stained it with Alexander's stain (Alexander 1980) in order to count 

pollen grains on the stigmas. I tested whether there was a correlation 

between visit length and pollen deposition using a Spearman rank correlation. 

Finally, in the fifth experiment, I tested one prediction from the 

hjrpothesis that robbing indirectly benefits a plant because pollinators depart 

after encoimtering robbed flowers, and thus robbing increases pollen 

dispersal away from that plant. One prediction of this hypothesis is that the 

last flower that a pollinator visits before leaving the plant should be a robbed 

flower more often than expected based on the number available on the plant. 

To test this prediction, I observed bumblebees foraging on Chilopsis trees at 

DS and CC during 17 1/2-hr observation periods. During each observation 

period, I observed departing bumblebees leaving a tree and determined 

whether the last flower visited was robbed or unrobbed. If bees' behavior 

were not affected by robbery, the proportion of bees departing from robbed 

flowers should equal the proportion of robbed flowers available on the plant. 

I tested this prediction after I foimd that bumblebees did not avoid robbed 

flowers within patches. I tested this prediction using a paired sign test that 

compared proportion of bees predicted to leave from robbed flowers with the 
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proportion, of bees observed to depart during each observation period. Thus, 

each observation period was a data point. 

Ejfects of Robbing on Male Reproductive Success 

If pollinators travel farther from robbed flowers than from unrobbed 

flowers in search of patches with more nectar, pollen should disperse farther 

from robbed than unxobbed flowers. I compared dispersal distances using 

fluorescent powders that mimic pollen in dispersal. In the mornings of eight 

days in 1995 and 1996,1 placed different colors of powder on anthers of equal 

numbers of robbed and unrobbed flowers on one tree (the "source"). I 

treated between 50-72 flowers each morning, during approx. two hrs. I 

selected robbed and unrobbed flowers to treat that were at similar heights 

and positions on branches. The flowers were left open to all visitors. After 

dusk, I used a black light to look for powder on stigmas and corollas of 

neighboring Chilopsis trees leading away from the source tree in both 

directions along the wash. I exhaustively searched every flower on all trees in 

both directions, stopping in each direction when I found a tree with no 

powder on any flower. Using this stopping point may have underestimated 

rare long-distance pollen dispersal. I used a different source tree each time I 

repeated this experiment. 

Dispersal of pollen, male reproductive success, was inferred by 

movement of powder. Powder may disperse shorter distances than pollen, 

but it does respond similarly to experimental manipulations (Thomson et al. 

1986). Thus, it is likely that comparisons of powder movement from 
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unrobbed and robbed flowers will yield the same trends as actual dispersal of 

pollen. 

Effects of Robbing on Female Reproductive Success 

In order to investigate the effects of robbing on female reproductive 

success of the plant, I first examined whether robbed and vinrobbed flowers 

set fruits at the same rates. At DS and CC, I marked 565 buds over 17 days 

and returned to the flowers two times a day imtil corollas fell to observe 

whether they had been robbed. After corolla abscission, I returned weekly to 

determine whether the fruits had aborted. 

Because the rate of flower and fruit abortion was very high (96.1 % 

abortion in 1993 [N = 228], 80 % abortion in 1994 [N = 30]), I also determined 

the number of pollen tubes that grew in stigmas ia order to compare female 

reproductive success of robbed and unrobbed flowers at an earlier stage of 

reproduction. I marked buds over seven days and returned two times a day 

to determine whether they had been robbed. After the corollas fell, I collected 

the stigmas and placed them in either FAA or FPA (formalic acid). I followed 

the methods of Dafni (1992) to stain for pollen tubes. I fixed stigmas in FAA 

or FPA for 31 hrs., softened in NaOH for seven hours, rinsed in tap water for 

15 hrs., and stained with aniline blue for 4.5 hrs. Under a UV microscope, I 

determined numbers of pollen tubes in each stained, squashed stigma at the 

junction of the stigma lobes. Using a Marm-Whitney U-test, I compared the 

number of pollen tubes growing in robbed and unrobbed flowers. 
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Results 

Seasonal trends in intensity and patchiness of robbing 

Xi/locopa califomica, the nectar-robbers, were common (Appendix B) and 

were one of the first visitors to arrive at plants each year during 1993-6. The 

intensity of robbing, calculated as the percentage of robbed flowers, increased 

quickly, except at CC in 1996 (Fig. 1). Variability among trees, measured by 

cv of robbing among trees, decreased over the season in 1995 (Fig. 1). 

Pollinators such as btimblebees arrived either at the same time as the nectar-

robbers, or a few days later. As the season progressed, robbers began to rob 

buds, removing nectar before corollas opened in the late afternoon. Few 

other plants providing nectar were available at the sites; those with nectar 

were Ipomopsis longiflora and Cirsium spp. For these reasons, pollinators were 

not able to avoid robbed flowers by arriving before nectar-robbers or by 

switching species, because other plants with nectar were not available. 

However, honeybees in 1995 may have abandoned Chilopsis before the end of 

its flowering season on Jime 15; though they were rare visitors after June 4, 

they were commonly seen collecting pollen on nearby Acacia. 

Nectar 

The proportion of unvisited flowers that contained nectar did not 

increase over mornings (G2 = 1.25, p < 0.54, N = 36; Table 1); 17% of flowers 
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were empty over the 6-hr period (N = 36). The amount of nectar in unvisited 

flowers that contained nectar also did not increase (p < 0.25, N = 30; Table 1). 

The proportion of flowers containing nectar was the same for robbed and 

unrobbed flowers within 2-hr intervals (Table 1). 43% of unrobbed flowers 

were empty (N = 223) cind 50% of robbed flowers were empty (N = 16). 

However, among flowers that contained nectar, robbed flowers held less 

nectar than did unrobbed flowers (p < 0.04, N = 179). 

Pollinator behavior 

The two most common legitimate visitors to Chilopsis from 93-96 were 

honeybees and bumblebees (Appendix B). Because these two visitors 

accounted for most visits, I focused on their behavior in response to robbing. 

Honeybees spent less time in robbed flowers than in unrobbed flowers. There 

was a trend, though not significant, that bumblebees also spent less time in 

robbed flowers (p < 0.06 level. Fig. 2.) Because bumblebees were one of the 

most effective visitors in terms of pollen deposition (Appendix B), I tested the 

hypothesis that time spent visiting flowers was correlated with pollen 

deposition by bumblebees, which would have indicated that a reduction in 

time spent by bumblebees in flowers would have inflicted a cost on the plant 

in terms of reduced pollen deposition. I foimd that there was no correlation 

between the length of bimiblebees' visits and number of pollen grains they 

deposited (N = 12; Fig. 3). 

In addition to spending less time in robbed flowers, pollinators may 

respond to robbing by avoiding robbed flowers. Honeybees significantly 
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avoided robbed flowers, but bumblebees did not (Fig. 4). The presence of an 

artificial slit, with its accompanying visual and odor cues, was not sufficient to 

cause honeybees to avoid flowers (p < 0.61, N = 24). 

To svimmarize, among flowers with nectar, robbed flowers did contain 

less than imrobbed flowers at the same time of day. Nevertheless, 

bumblebees, the more effective pollen-depositing species, did not avoid 

robbed flowers. I followed up these results by testing whether the last flower 

that bumblebees visited on trees before they left were robbed flowers. 

Contrary to my prediction, biunblebees did not leave more often than 

expected from robbed flowers. In fact, there was a trend for bumblebees to 

leave plants more often than expected after a visit to an unrobbed flower 

(paired sign test, N = 17 observation periods, p < 0.33). Contrary to 

expectations, bumblebees often flew perpendicular to the site, not to another 

tree, when they departed a tree. 

Effect of Robbing on Male Reproductive Success 

Nectar-robbing may indirectly benefit the plant by causing bumblebees 

and other pollinators visiting desert willow to carry pollen from robbed 

flowers farther away than from unrobbed flowers. On two days, powder 

from robbed flowers dispersed sigiiificantly farther than powder from 

unrobbed flowers. On three other days, powder from robbed flowers tended 

to disperse farther and on two days, powder from unrobbed flowers tended 

to disperse farther. On two days, powder from robbed flowers reached 

significantly more recipients, whereas on three days, powder from unrobbed 
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flowers reached significantly more flowers. In addition, powder from robbed 

or unrobbed flowers tended to reach significantly more flowers on one and 

two days, respectively (Table 2). These results suggest that the effect of 

robbing was variable, but on some days benefited the plant through increased 

pollen dispersal. 

Effect of Robbing on Female Reproductive Success 

There was no significant difference between unrobbed and robbed in 

the number of pollen tubes in the styles (Fig. 5). In fact, robbed flowers 

tended to have more pollen tubes than did unrobbed flowers (p < 0.09, N = 

64). Although some of those pollen tubes may originate from incompatible 

poUen (Appendix B), this indicates that robbing did not reduce female 

reproductive success. 

Discussion 

Effects of Nectar-robbers on Mutiialists—Costly or Beneficial? 

Mutualisms have been described and modeled as if both partners are 

closely coupled; as the population or fitness of one partner increases, that of 

the other partner increases (Keeler 1985; Addicott 1981). Predictions have 

been made that when an antagorustic species has a negative effect on one 

mutualist by removing reward, the other mutualist should suffer a decrease in 
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fitness (Addicott 1981; Keeler 1985; BuU and Rice 1991; Poulin 1995). For this 

reason, nautualisms have often been predicted to be evolutionarily iinstable. 

However, in the Chilopsis-pollinatoT mutualism, reduction of nectar rewards 

by nectar-robbers does not appear to be linked to a decrease in fitness for 

plants; a negative effect on some pollinators did not affect the plant and even 

occasionally provided an indirect benefit to the plant. 

Because honeybees were not very effective at depositing pollen grains 

(Appendix B), any reduction of the lengths of their visits in resporise to 

robbing may have inflicted minimal cost on the plant. In contrast, 

bumblebees were one of the most effective pollinators in terms of pollen 

deposition (Appendix B). Bumblebees tended to spend less time visiting 

flowers that contained little nectar, but poUen deposition by bumblebees was 

not correlated with time spent in flowers. Thus, even if biomblebees spend 

less time in robbed flowers than in unrobbed flowers, the number of pollen 

grains tliat they deposit on stigmas, i.e. their potential benefit to the plant's 

female reproductive success, may not have been affected by robbing. 

Effects of cheaters on plants may not be negative for several reasons: 1) 

many plants are generalists—they have several potential partners, some more 

effective at providing a benefit than others. If the mutualists respond 

differently to nectar-robbing, the effect on the plant can be positive or 

negative depending on which mutualists are visiting. 2) Attraction of 

mutualists may not be equivalent to fitness. The effect of robbing may 

decrease the nectar available to mutualists, but not affect their fitness if their 

populations are limited by other factors—nest sites, pollen, etc. Nectar-

robbing may have a short-term, but not long-term, negative effect on 
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pollinator populations. A long-term effect on fitness is what modelers are 

really modeling. 3) The benefit to plants by pollinators may not increase in 

step with attention by mutualist pollinators. Even though Chilopsis is 

dependent on pollinators for reproductive success, the number of pollen 

grains deposited by at least one poUinator (Bombus) is unrelated to the time 

that it spends in a flower when flowers have not previously been visited. 

Thus, a potentially negative effect on the pollinator, i. e. competition, may not 

translate into a negative effect on the plant. 

The benefit to the plant of pollinator visitation also depends on the 

trarislation of pollen grains deposited to seeds and frviits matured. In Chilopsis, 

there may be a threshold level of pollen grains needed to set a fruit, below 

which any benefit to the plant is lost (Appendix B). In addition, a level of 

pollen deposition above the number of ovxiles available may not benefit the 

plant. The number of grains needed will vary depending on the proportion of 

compatible pollen grains in a load of pollen. 

Details of the interactions between all participants matter when 

determining the effect of a species that removes a reward without providing a 

reciprocal service. For example, recent studies of the effect of nectar-robbing 

on plants have foimd that nectar-robbers cire costly, except when nectar-

robbers pollinate while they rob (Scott 1993) or when they pollinate flowers at 

another time (Morris 1996; Higashi 1998). The cost of robbing can be direct, as 

when robbers damage ovaries (McDade 1980), or indirect as when pollinators 

abandon robbed plants (Irwin 1998). Nectar-robbers may also have little 

effect on plants if the frequency of robbing is low (Arizmendi 1996). 
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However, in this study, I found evidence that nectar-robbers can 

sometimes benefit plants indirectly by increasing male reproductive success. 

On some days, the pollen substitute dispersed farther or more often away 

from robbed flowers, which suggests that robbing can benefit a plant by 

increasing male reproductive success. This benefit may occur in an indirect 

way; the least effective pollinators, honeybees, avoided robbed flowers within 

a patch. The common and effective pollinators, bumblebees, did not, perhaps 

because robbed and unrobbed flowers had the same proportion of nectarless 

flowers. By changing the visitation behavior of less effective poUinators, such 

as honeybees, nectar-robbers may indirectly benefit the plant. 

At the same time, nectar-robbers did not cost plants directly by 

damaging flowers or indirectiy by decreasing attention from effective 

pollinators. Robbing may have little effect for several reasons. First, though 

bumblebees did spend less time in flowers in response to robbing, these bees 

did not avoid robbed flowers and the time that they spent visiting flowers was 

not correlated with pollen deposition. Second, robbing may also have little 

effect on the female reproductive success of the plant because robbers and 

pollinators share preferences for foraging at certain locations on trees. Any 

tendency by poUinators to avoid robbed flowers may be overcome by their 

tendency to choose flowers based on their location. In addition, the nectar 

that remains in robbed flowers may be sufficient reason for visitation by 

pollinators. Finally, robbing may sometimes occur after visitation by 

pollinators, so there would not be an opportimity to affect pollinators' 

behavior. These results indicate that robbing does not have an effect on 

female reproductive success in Chilopsis. 



9 3  

Factors That Affect the Cost of Robbing 

By comparing studies of the effect of nectar-robbing, it appears that 

there are specific conditions under which nectar-robbing can be beneficial for 

plants. The effect of nectar-robbers depends on interactions between the 

breeding system of plants, morphology of flowers and pollinators, phenology 

of plants, and pollinator behavior. First, the breeding system and floral 

morphology of Chilopsis interact to make repeated visits to the plant beneficial 

to the plant and advantageous for pollinators. Chilopsis is pollen-limited and 

self-incompatible; a plant benefits most when poUinators leave it after a few 

visits. Because pollen must move between plcints, the amoimt of nectar 

available to pollinators must be enough so that they visit the plant, but they 

soon leave and continue foraging at other plants. In the case of Chilopsis, 

possibly because of the morphology of the flowers, nectar remains in flowers 

after they are robbed. Chilopsis flowers have "pool" nectar, which is easy to 

remove, and "groove" nectar, which pollinators do not remove easily. This 

morphology makes it advantageous for pollinators to return to flowers after 

legitimate visits (Whitham 1977). In a similar way, the floral morphology and 

energetics of nectar-robbers may interact to reduce the cost of nectar-robbing, 

because nectar-robbers leave nectar that pollinators can remove later. The 

importance of nectar removal by robbing depends on whether poUinators 

choose patches based on the proportion of flowers containing nectar or 

whether pollinators act based on the level of nectar in each individual flower. 
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The interaction between floral and poUinator morphologies also affects 

whether nectar-robbing is costly. Besides affecting whether nectar remains in 

flowers, floral morphology also affects the abUity of a nectar-robber to 

damage ovaries. In the case of Chilopsis, nectar-robbing Xylocopa slit corollas 

with sharp mouthparts, but does not destroy corollas as birds' beaks do. In 

addition, Chilopsis, has short, thick calyces that do not prevent robbing, but 

may keep robbers from damaging ovaries. So, nectar-robbing by Xylocopa 

might generally be less directly costly to plants than nectar-robbing by birds. 

Another factor, phenology, affects the outcome of interactions between 

mutualists and nectar-robbers. In the case of desert willow, nectar-robbers 

were among the first visitors to arrive at plants dxiring the season. Because 

they obtained nectar from buds, they often preceded legitimate visitors at 

flowers. Also, there were few other nectar-producing plants in the area. For 

these reasons, pollinators could not avoid visiting robbed plants. Hence, 

robbing could not cost the plant by driving away pollinators from the site. 

Pollinators may avoid individual trees that have a greater proportion of 

robbed flowers than others at the site. However, the frequency of robbed 

flowers became more evenly distributed over the site as it increased. 

Finally, pollinator behavior significantly affects the outcome of nectar 

robbing. The response of pollinators to patterns of nectar and cues left by 

nectar-robbers, and their "rules" of movement within plants and within the 

site all affect whether nectar-robbing is costly. The removal of nectar from 

robbed flowers may reduce the time that pollinators spend in flowers. In 

ttirn, a reduction in the time that a poUinator spends in a flower may be costly 

to the plant by reducing the number of pollen grains that a pollinator deposits 
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on a stigma. In this way, robbing could indirectly reduce the female 

reproductive fitness of a plant. However, I did not find evidence for this 

explanation in this study. Different pollinators may have different energetic 

requirements that affect their choices of flowers to visit (Richardson 1995; 

Appendix A) 

The interaction of pollinator behavior and the abimdance of different 

pollinators may affect the outcome of nectar-robbing. Different poUinators 

may have different "rules" that determine when they avoid flowers. Because 

honeybees avoided robbed flowers and bumblebees did not, honeybees may 

have been more influenced by the mean volume of flowers than by the 

proportion of flowers containing nectar. What signal honeybees used to 

identify robbed flowers in a patch is unclear. I h5^othesized that they would 

use either the visual cue of the sUt or the odor coming from the damage to the 

plant. However, honeybees may instead detect odors that nectar-robbers 

leave on robbed flowers. Xx/locopa virginica deposits scent on flowers while 

visiting legitimately (Frankie and Vinson 1977). Honeybees can sense 

conspecific odor, but it has not been shown that honeybees respond to scents 

deposited by other species. Bumblebees of other species have been found to 

sense odors deposited by conspecifics (Goulson 1998). However, on Chilopsis, 

bumblebees apparently are not influenced by odors deposited by nectar-

robbers; whether they can detect them is unknown. Because pollinators 

differ in their responses to robbed flowers, the exact mix of pollinating species 

affects the outcome of robbing. 

Another aspect of "rules" of movement by pollinators may affect the 

outcome of robbing. Bombiis choose to leave patches of artificial flowers 
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based on the average volume of the last three flowers (Dukas and Real 1993). 

For this reason, I expected that bumblebees would leave trees more often 

after they visited robbed flowers than after they visited unrobbed flowers, 

because robbed flowers contain less nectar. However, if there was a trend, it 

was for bumblebees to leave plants more often after they visited imrobbed 

flowers. When bumblebees left trees, they often flew perpendicular to the 

linear axis of the wash in which the trees grew. A possible explanation for this 

behavior is that bumblebees fill up on nectar and leave for their nests more 

often from unrobbed flowers. This behavior may be costly to a plant, because 

pollen that is carried to a bee's nest usually is removed from circulation. In 

this way, being robbed may benefit a plant not by causing pollinators to leave 

a patch, but by causing pollinators to continue foraging. Bumblebees that 

encoimtered enough nectar to continue foraging, but not enough to stop 

foraging, should be more beneficial to the plant than bumblebees that left the 

site. In this way, nectar-robbing may indirectly benefit a plant, because pollen 

from imrobbed flowers may be more often removed from circulation when 

bumblebees return to their nests. 

Effects of Cheaters, Ecological Parasites on Mutualisms 

A comparison of two other examples of cheaters with nectar-robbers 

illustrates differences between nectar-robbers and other types of cheaters. In 

one case, "cheating" yucca-moths oviposit without pollen transfer. Two types 

of cheater moths exist in the obligate mutualism between yucca moths and 

yuccas; one facultative type of cheater appears to be individuals of the 
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pollinating species that do not tramfer pollen (Tyre and Addicott 1993). These 

moths are costly to plants, but are limited when yxicca plants abort fruits that 

have not been sufficiently pollinated (Pellmyr 1997; Wilson and Addicott 1998). 

Obligate cheating yucca moths that have evolved from pollinating ancestors 

also oviposit into fruits without pollinating (Pellmyr et al. 1996), but too late 

for plants to abort. These moths are costly and have existed for a long time 

evolutionarily (Pellmyr et al. 1996), but limitations to their population are 

unclear. In this example, mutualists are specialists and facultative cheaters are 

limited by the mutualist that they visit. 

In a second example, cheaters have been found in an obligate 

mutualism between Pheidole ants and Piper plants, which exchange defense 

against herbivory for food bodies and domatia. The cheaters are Tarsobaenus 

beetles that invade Piper plants, killing ants while causing plants to continue 

producing food bodies (Letoumeau 1991). The cheaters are very costly to 

plants; plants without ants are attacked by stem borers (Letoumeau 1998). 

These beetles are limited by competition with Pheidole ants; the ants remove 

beetle eggs from plants and kill invading beetle larvae. 

In contrast to these examples, nectar-robbers are not as costly to the 

mutualists that they visit, and may occasionally benefit them by the behavior 

of the other mutualists, pollinators. Effects of nectar-robbers on plants vary 

partly because the mutualists are generalists; different combinations of 

mutualists with different foraging behavior may be present. Finally, there is 

little evidence that nectar-robbers are limited by either mutualist. Pollinators 

do not actively defend flowers against robbers and flowers are not protected 

by morphological adaptations against cheating. Though they are not limited 
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by mutualists, the abundance of nectar-robbers may be limited by lack of nest 

sites (Minckley 1987). If their abundance were not limited, their cost to the 

mutualists might be greater. 
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Fig. 1. Percentage of robbed flowers and coefficient of variation of three trees 
(N = 100 for each date). A. 1995, DS. B. 1996, DS. C. 1995, CC. D. 1996, CC. 
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TABLE 1. Proportions of flowers containing nectar and mean volume in flowers with nectar for 
unrobbed, robbed, and unvisited flowers. Proportions were compared using G-tests for each 2-
hr interval. 

Mean mL nectar vol. in flowers 
Proportion of flowers containing nectar (n) containing nectar, ± s.d. (n) 

Time of 
Day 

unrobbed robbed unvisited P 
(unrobbed 
vs. robbed) 

unrobbed robbed unvisited 

0500-0700 .76 (59) .75 (4) .83 (12) .95 1.9 ±2.1 0.7 ± 0.2 4.9 ± 3.0 .76 (59) .83 (12) 
(39) (3) (10) 

0700-0900 .57 (102) .50 (8) .75 (12) .71 2.0 ± 3.2 1.0 ±1.7 7.2 ± 4.5 .57 (102) .50 (8) .75 (12) 
(58) (4) (9) 

0900-1100 .40 (62) .25 (4) .92 (12) .53 0.7 ± 1.4 0.7 (1) 6.0 ± 5.8 
(25) (11) 
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Fig. 2. Comparison of lengths of time that Apis and Bombus spend visiting 
robbed and imrobbed flowers (medians ± SE). 
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Fig. 3. Numbers of pollen grains deposited by Bombus visiting Chilopsis 
flowers compared with time that each bee spent in a flower. Flowers were 
not previously" visited. 
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Fig. 4. Proportion of Apis and Bombus visiting more and fewer robbed flowers 
than expected during a foraging bout, based on the ratio of robbed flowers 
available in the observation area at that time. The null hypothesis is that 
number of visitors visiting more robbed flowers than expected in a bout = 
number of visitors visiting fewer robbed flowers = 0.50. 



Table 2. Distance and numbers of flowers reached by powder that mimics pollen. Different colors of 
powder were used to mark anthers of equal numbers of robbed and unrobbed source flowers. Distances 
that powder traveled were compared using Mann-Whitney U-tests for each date. Numbers of flowers that 
powder reached were compared by G-tests for each date. Significant differences are indicated by asterisks. 

Does dye 

Date 

Does powder 
from robbed 
flowers 
travel Level of 
farther? Significance 

from robbed 
flowers 
travel to 
more 
flowers? 

Maximum 
Distance Most 

Level of from Source Intensity of Common 
Significance (m) Robbing (%) Pollinators 

5-21-95 NR > R p < 0.84 
Z = -21 

5-31-95 

6-4-95 

6-8-95 

6-12-95 

5-17-96 

R > N R  p < 0 . 8 9  
Z = 0.14 

R > N R ^  

R > N R  

R > N R ' ^  

N R > R  

p < 0.02 
Z = -2.28 

p < 0.81 
Z = -0.23 

p < 0.0036 
Z = 2.92 

p < 0.08 
Z = -1.77 

NR > R'*' P ^ 
G = 3.40 

NR > R p < 0.0002 
G = 13.7 

R > NR''" P ^ 
G = 3.68 

R > NR'*" P ^ 0.0001 
G = 52.4 

NR > R''" P ^ 
G = 3.65 

NR > R p < 0.13 
G = 2.31 

10.9 

25.8 

35.4 

42.1 

49.1 

25.4 

~5 

- 5 0  

62 

73 

70 

~6 

Anthophom, 
few Apis 

Anthophom, 
Apis 

Anthophom, 
Apis 

Megachile, 
Anthophom 

Bombus, 
Megnchile 

Bombus 



5-20-96 no dye found NR>R''" 
from R 

5-23-96 R > N R  p<0.14 R > N R  
Z = -1.46 

p = 0 4.71 
G = 0 

p< 0.076 13.4 
G = 3.13 

~ 44 Bombus, 
Megcichile 

- 43 Bombus 
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Fig. 5. Ntimbers of pollen tubes in stained stigmas of unrobbed and imrobbed 
flowers (means ± SE). Analyzed using Mann-Whitney U-test, p < 0.09; N = 41, 
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APPENDIX D 

Title: Were Diet Breadth and Nectar-Robbing Factors in the Evolution of 

Sociality in Bees? 

Abstract: Many factors may contribute to the evolution of sociality in 

Hymenoptera (ants, bees, and wasps). Most factors involve genetics or 

behavior in nests, including haplodiploidy, kin selection, and cooperative 

defense against predators and parasites. However, the role of foraging 

behavior in the evolution of sociality has not been investigated. Bees are 

useful for this investigation because they vary from solitary to eusocial; in 

addition, degrees of sociality and foraging behavior have been investigated in 

enough depth to make a phylogenetic comparison possible. Over a 

phylogeny of bees made from four published phylogenetic analyses, I found 

that sociality has evolved at least 11 times and up to 14 times, in the families 

Apidae and Halictidae. Eusociality, the most complex form of sociality, has 

originated at least 4 to 5 times in bees. I hypothesized that the evolution of 

sociality in bees may only be possible after the evolution of a broad diet 

breadth, because use of a diversity of resources would be needed to support 

multiple generations of bees over a season. I hypothesized that a novel 

foraging behavior, nectar-robbing, allowed bees to forage on plants that 

previously excluded them from nectaries with tubular corollas. For these 

reasons, I predicted that sociality, diet breadth, and nectar-robbing would be 

correlated in bees. Computer simulations showed that sociality and nectar-

robbing were correlated on the phylogeny of bees. I also compared diet 
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breadth of bee genera within three geographic regioris: the Eastern United 

States, California, and Costa Rica. Diet breadth varied as a function of 

maximal social development among bee genera. I used phylogeneticaUy 

independent contrasts for taxa within each region to test for correlations 

between sociality, diet breadth, and nectar-robbing. In some cases, a broad 

diet breadth was associated with sociality and nectar-robbing. 

key words: sociality, generalization, nectar-robbiag, diet breadth, host plant 
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Introduction 

The evolutionary factors that led to existence of social insects with 

sterile castes mystified Darwin (1859). There may be several factors that were 

necessary for the evolution of eusociality, traditionally defined to include 

cooperative brood care, presence of generation overlap, and reproductive 

division of labor (Michener 1974,1969; Crespi 1996). Hamilton (1964) 

proposed that kin selection explained workers' apparent altniism in caring for 

sisters. Through inclusive fitness, haplodiploidy was understood to be a 

critical factor in the evolution of sociality in Hymenoptera (ants, bees, and 

wasps). However, though haplodiploidy may have been a prerequisite for 

the evolution of sociality in Hymenoptera, it is not sufficient to explain the 

origin of sociality. Though all Hymenoptera are haplodiploid, only a few 

families out of more than 80 are eusocial; sociality apparently had multiple 

independent origins in Hymenoptera and required more preadaptations than 

just haplodiploidy (Hunt 1999). The evolutionary pathway from soUtary 

behavior to sociality, of which eusociality is the most complex level (Table 1), 

has attracted intense interest because it may aid in explaining factors that led 

to the evolution of sociality (reviewed in Michener 2000). 

In addition to haplodiploidy, factors that may favor the origin of 

sociality in Hymenoptera include nest permanence, cooperative defense 

against parasites or predators, long-lived reproductive females, and biased sex 

ratios (reviewed in Crozier and Pamilo 1996; Crespi 1996; Schwartz et al. 1997; 

Thome 1997). These factors concern either the genetics of insects or their 
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behavior at nests. However, generalization in resource use, i.e., having a 

broad diet breadth, and foraging behavior may also be important 

preadaptations to the evolution of sociality, though these factors have not 

been investigated. 

Generational overlap, by definition, is a key condition for existence of 

complex levels of sociality (Table 1). It occurs in all subsocial and eusocial 

Hymenoptera and in some parasocial bees (Danforth and Eickwort 1997). 

Generational overlap may occur through either multivoltinism (multiple 

broods per year), long lifespan of females that initiate nests (Schwartz et al. 

1997), or both. For either multivoltirvism or longevity of females to have 

evolved, activity of bees over long seasons must have been a prerequisite. 

Thus, pre-social bees must have had a broad diet breadth because the length 

of blooming season of plant taxa would not have been long enough to 

support social bees. 

Hypotheses about the conditions necessary for sociality to evolve are 

typically tested using ecologiceil studies of variable species (reviewed in Crespi 

1996, though see Himt 1999 for vespid wasps); however, phylogenetic 

methods are also valuable, because they can reveal the order of historical 

events. Because bees vary from solitary to eusocial, they are especially useful 

for understanding conditions that favor the evolution of sociality. In contrast, 

ants are almost completely eusocial (Crespi 1996); in wasps, sociality is less 

well-studied than it is in bees, so phylogenetic analysis for wasps may be 

premature. 

The evolution of sociality over a phylogeny representing all bees has 

not been investigated using modem phylogenetic methods, although origins 
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and reversals of sociality have been reconstructed for one tribe, the 

Augochlorini (Danforth and Eickwort 1997), and number of origins over cdl 

bees have been predicted (Michener 1969). Thus, the niimber of origins and 

ciny preadaptations associated with these origins remain unknown. In 

addition, though it is known that sociality tends to occur in bee families 

Apidae and Halictidae (Michener 1974,2000), no recent review of presence of 

sociality across bee genera has been conducted. 

I investigated three hypotheses: 1) that a broad diet breadth was 

associated with the evolution of sociality in bees, 2) that a novel foraging 

behavior, nectar-robbing, was associated with the evolution of a broader diet 

breadth, and 3) that nectar-robbing also was associated with the evolution of 

sociality. Nectar-robbing bees make slits or holes in corollas of flowers and 

remove nectar without entering coroUas. In a comparison of nectar-robbing 

bumblebees with non-nectar-robbing bumblebees at a site in Colorado, 

nectar-robbing bumblebees foraged on more species of plants than did non-

robbers (Inouye 1983). The nectar-robbing bees visited plants that were 

inaccessible to other species of bees, such as hummingbird-poUinated flowers 

of Ipomopsis with narrowly tubular morphologies, in addition to normally bee-

poUinated flowers with less narrow corollas. For this reason, I predicted that 

the evolution of nectar-robbing in bees was associated with a broad diet 

breadth. If nectar-robbing were correlated with generalized plcint use by 

social bees, it may have facilitated the evolution of sociality. 

To test these hjrpotheses, I used a phylogeny constructed from four 

published phylogenies of bees (Roig-Alsina and Michener 1993, Alexander and 

Michener 1995, Danforth and Eickwort 1997, Pesenko 1999). I surveyed these 
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89 genera for degree of sociality (mciximal social development) and presence 

of nectar-robbing (Appendix E). I mapped these traits onto the combined 

phylogeny in order to determine degree of correlation. 

To test the hypothesis that a broad diet breadth was associated with the 

evolution of sociality, I compared diet breadth of bees within three 

geographical regioris: the Eastern United States, Guanacaste Province of Costa 

Rica, and California, (Mitchell 1960 and 1962; Heithaus 1979a; and Moldenke 

and Neff 1974, respectively). For 345 species in the Eastern U.S., 135 species in 

Costa Rica, and 1163 species in California, I determined the number of plants 

visited by all species in each genus, i.e., the diet breadth of the genus. I tested 

the hj^otheses that diet breadth was a function of maximal social 

development within each genus and of geographical location. I used partial 

correlations of phylogenetically independent contrasts to determine whether 

correlations of diet breadth with maximal social development and with 

presence of nectar-robbing were significant. 

I used the combined phylogeny to determine the minimum number of 

origins of sociality in bees, the presence of reversals to solitary behavior, and 

whether the pathway to eusociaUty led from parasociality, subsociality, or just 

solitary behavior. To determine the order of each character, I determined the 

number of times that each preceded the other. 

Methods 

Evolution of Sociality 
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I determined the minimxim number of gains and losses of sociality by 

reconstructing character evolution using four combined phylogenies, one of 

"long-tongued (L-T) bees" and the other of "short-tongued (S-T) bees". To 

reconstruct the portion of a phylogeny representing L-T bees, I used the L-T 

bees' phylogeny from "Analysis D". This analysis was made using Hennig86 

1.5 (Farris 1988) to analyze 126 adiilt morphological characters for exemplars 

from 54 genera (Roig-Alsina and Michener 1993). I removed cleptoparasitic 

genera because they cannot be social and because they gain resources by 

taking from other bees, and thus visit few plants for resources (Wcislo and 

Cane 1996). I also removed genera for which there is no information on 

nesting behavior (i.e. the level of sociality). Thus, relationships among 41 L-T 

bee genera were described in my combined phylogeny. 

The S-T bee phylogeny was constructed from ca. 109 morphological 

characters and includes adult S-T bees representing 48 genera (Alexander and 

Michener 1995). With the addition of the L-T bee phylogeny, the clade 

represented in this tree is monophyletic (Alexander and Michener 1995). The 

phylogenetic position of families differed significantly among Alexander and 

Michener's analyses, depending on the coding of just a few characters based 

on bee glossas (tongues). One analysis suggested that Halictidae was basal, 

whereas another analysis suggested that CoUetidae was basal. I used two 

different consensus trees for 36 S-T taxa in my analyses to determine whether 

the phylogenetic position of bee families affected outcomes of the analyses. 

For the former, I used Alexander and Michener's strict consensus tree for an 

island of 336 trees foxmd by NONA (Goloboff 1993) with equal weighting for 
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all characters. For the latter, I used Alexander and Michener's strict consensus 

tree for four trees from, analysis using impHed weights in PAUP Version 3.1.1 

(Swofford 1993). In addition, I used two phylogenies to add five genera and 

clarify relationships among genera within the family Halictidae, which is 

within S-T bees (Danforth and Eickwort 1997; Pesenko 1999). 

To the phylogeny made from the above four phylogerues, I added 

three genera of nectar-robbing bees, Perdita, Trigona and Lasioglossiim, using 

taxonomic positions of genera from classification by Michener et al. 1994. The 

combined phylogenies encompass a monophyletic group composed of 146 

genera, a broad sample of the ca. 600 genera of bees in the world (Michener 

1979). With additions and deletions of taxa, I included 89 genera in my 

analysis. 

To determine the level of sociality of bee genera, I surveyed nesting 

behavior from journal articles published 1974-1999 and Michener (1974,1969) 

for pre-1974 studies (see Appendix E). Several species, particularly in 

Lasioglossiim and other genera in the family Halictidae, vary in the degree of 

sociality expressed depending on envirorunental factors such as length of 

season (Eickwort 1975; Eickwort et al. 1996), availability of resources, or 

permanence of nesting material (Schwartz et al. 1997). Thus, level of sociality 

should be viewed as the maximal social development that is recorded at 

present in a genus, given appropriate conditions. In addition, socicdity can be 

not only gained but lost within a genus (e.g. in Lasioglossiim [Wcislo and 

Danforth 1997] and Xi/locopa [Minckley 1987]). Thus, the numbers of gains and 

losses of sociality found in this study are minimum estimates. I categorized 

genera based on the most complex form of sociality attained by species in 
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categories defined by Michener (1974,2000) (Table 1). Though there are other 

defirutions of degrees of sodaKty (Sherman 1995), descriptions of nesting 

behavior of bees in particular usually follow Michener's definitions. 

Correlation of sociality with nectar-robbing 

I found recorded cases of nectar-robbing by bees (see Appendix E). 

Nectar-robbers are described as "primary robbers" when they make slits in 

corollas themselves and remove nectar without entering flowers. Nectar-

robbers are described as "secondary robbers" when they visit flowers that 

have been cut by other species but do not cut flowers themselves (Inouye 

1980). I hypothesized that primary robbers would have a broader diet 

breadth than secondary robbers, because primary robbers were not 

dependent on other floral visitors to cut flowers. I tested whether primary 

and secondary robbers differed in diet breadth using 2-way ANOVA on 

ranked, square-root transformed median or maximum diet breadth, with 

level of sociality and nectar-robbing as factors. For aU other tests of 

correlation of nectar-robbing with sociality and with host plant use, I 

combined primary and secondary robbers into a single category. 

I tested the hypothesis that maximal social development is correlated 

with nectar-robbing using MacClade's concentrated changes test (Maddison 

and Maddison 1992). The concentrated changes test determines whether the 

dependent variable, represented by parasociality or eusociality (Table 1), 

occurs more often by chance on branches that have changes in the 

independent variable, represented by nectar-robbing. Simulations scatter 
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changes randomly on the phylogeny and count the fraction of replicates in 

which gains and losses of sociality are located on branches in. which nectar-

robbing has evolved. Because the concentrated-changes test cannot be used 

when there are polytomies, I resolved L-T polytomies based on Roig-Alsina 

and Michener's (1993) "Analysis A", which included cleptoparasitic taxa. 

Otherwise, I resolved polytomies based on classification of genera in Michener 

et al. 1994. Resolving polytomies had no effect on numbers of gains and 

losses in sociality or nectar-robbing, except that moving Megachile to be a 

sister-group to the Hoplitis-Trachiisa clade based on "Analysis A" reduced the 

number of gains in parasociality and increased the number of gains in nectar-

robbing (Fig. 1-2). 

For the concentrated changes test, I simulated 10000 trees with 9 or 11 

gains and either 0 or 2 losses of nectar-robbing using the option MINSTATE to 

account for possible bias in parsimony reconstruction. 

Correlation of sociality zuith diet breadth 

Diet breadth, as measured by number of host plants visited by species, 

may vary geographically because different resources are available in different 

regions. Thus, I compared visitation records for bee genera within three 

regions in which there were large collection records of bees on host plants: 

the Eastern U. S. (Mitchell 1962 and 1960, which included collection records 

from Robertson 1929), Costa Rica (Heithaus 1979a), and California (Moldenke 

and Neff 1974). Specimens representing approximately 1600 species of bees in 

the Eastern U. S. were collected over 38 years (Mitchell 1962 and 1960). For 
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each region, I compiled data ftrom those genera which were present in the 

combined phylogeny. From the Eastern U. S., I compiled data from 345 

species in 24 genera. I removed Megachile from analyses because it was an 

outlier: the diet breath of the genus appeared to be artificially inflated because 

Mitchell focused on collecting Megachile. I also removed data on species that 

Mitchell described as "rare", species for which there were no host records, 

species that had distributions limited to southern Florida, and species that 

were known to be recent immigrants to the U. S.. 

Specimens of 330 species of bees in Guanacaste Province, Costa Rica 

were collected from three locations in tropical dry forest over one year 

(Heithaus 1979a); I compiled data on 135 species in 27 genera. Specimens 

representing 2,500 species of bees in California were collected over eight years 

along a transect crossing California, covering all habitats (Molderike and Neff 

1974); I compiled data from 1163 species in 28 genera. For bees from 

California, I removed from analyses species that were described as "rare" by 

Moldkenke cmd Neff (1974) and those for which hosts were unknown. 

For each region, I determined the number of host plant species that 

each bee species was recorded to have visited and then found the median and 

maximum number visited by each bee genus. To be included in this analysis, 

a bee genus must have been present in one of these regions and in one of the 

phylogenetic analyses. Because independent contrasts cannot use the entire 

distribution of diet breadth for each genus, I used both medians and maxima 

in analyses in order to determine whether the choice of summary statistic for 

genera affected the outcome of analyses. The three studies did not 

differentiate between visitation to plants for nectar and visitation for pollen or 
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resins. However, I assumed that poUen and resin specialization did not 

contribute much to diet breadth because bees visit a wide range of plants for 

nectar (Moldenke 1976), even when the bees specialize on other resources 

such as poUen, resin, or oil (Wcislo and Cane 1996). 

To take into account correlations between genera because of shared 

history, for each region I reconstructed the phylogeny of bees using only the 

genera occirrring in each region. I used two methods to test the hypothesis 

that more complex social development was correlated with broader diet 

breadth across bee genera. First, I used ANOVAs to test the hypotheses that 

median and maximum diet breadth were a function of maximal social 

development within each genus and of geographical location. I compared 

effects without including phylogenetic relationships of genera. 

Second, I tested for a correlation between these factors using 

independent contrasts to remove possible correlations between genera from 

shared phylogenetic history. I used COMPARE 4.3 (Martins 1999) to compute 

sets of normally distributed phylogenetically independent contrasts 

(Felsenstein 1985). To compute contrasts, for each geographical region I 

reduced the four combined bee phylogenies to a phylogeny that only included 

the genera that were present in the region. I then used the contrasts in a 

partial correlation to determine whether the correlations among level of 

sociality, nectar-robbing, diet breadth cind number of species within each 

genus were significant when phylogenetic relationships among genera were 

considered. I conducted the partial correlations using both phylogenetic 

arrangements of S-T bee families described above. Including the effect of 
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phylogeny made this test for association between factors more conservative 

than the ANOVA. 

Results 

The combined phylogenetic reconstruction suggests in bees as a whole, 

sociality may have originated between 11 and 14 times. Sociality, including 

parasociality, subsociality, and eusociality originated in L-T bees at least 7 

times with 2 losses, and up to 9 times with 0 losses (Figs 1-2). The estimate of 

number of gains and losses of sociality in S-T bees was not affected by the 

placement of the families within the clade; it originated at least 4 times with 1 

loss, up to 5 times with no losses. 

Eusocialit}'" may have evolved a minimum of 4 to 5 times in bees; once 

in the Habropoda/Partamona-Bombus clade (Apidae), 1 to 2 times in the Xylocopa-

Braunsapis clade (Apidae), and twice in the Lasioglossum-Augochlora clade 

(Halictidae) (Fig. 1-2). Most of these genera vary intraspecifically in social 

behavior from solitary to eusocial (Appendix E). Only within Apidae are there 

genera that have only eusocial species: Apfs, Bombus, Trigona, Melipona, 

Paratrigona, and Partomona. Genera in Halictidae that have the potential to be 

eusocial also contain semisocial species. Genera in Apidae that have the 

potential to be eusocial also contain subsocial, quasisocial, and semisocial 

members. In Apidae and Halictidae, genera that share ancestors with eusocial 

genera are solitary, not social. Because all members of these genera are 

eusocial and eusociality in these families did not evolve from aggregating or 

commimal behavior, the evidence suggests that the cincestors of eusocial bees 
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did not pass through each level of complexity of social development from 

solitary to eusodal behavior. 

It appears that nectar-robbing evolved at least 9 to 11 times and was 

lost from 0 to 2 times (Figs. 3-4). On the reconstructed phylogeny of L-T bees, 

nectar-robbing behavior originated either 4 times with 3 losses, or was gained 

6 times. In S-T bees, nectar-robbing either originated 4 times or 3 times with 

one loss. Hypothesized numbers of gains and losses were not affected by the 

placement of S-T genera. Primary robbing may have preceded secondary 

robbing once, in the Melipona/Bombus clade, depending on whether the 

ancestor of that clade was not a robber or was a primary robber. Secondary 

robbing may have preceded primary robbing in the Augochloropsis/Augochlora 

clade. Both primary and secondary robbing appear to have originated from 

non-robbing foraging behavior. 

Sociality and nectar-robbing appear to have been correlated. The 

concentrated changes test indicated that sociality (parasociality, subsociality, or 

eusociality) evolved much more often than by chance on branches on which 

nectar-robbing was present (p < 0.0001). The observed pattern of gains of 

sociality on the phylogeny of bees was extremely imlikely to have arisen by 

chance alone; no simulations foimd distributions of gains as extreme as those 

observed. 

I investigated whether robbing preceded sociality, as predicted by the 

hypothesis that robbing allowed broader diet breadth and thus advanced 

sociality, or whether robbing followed sociality. There was only one case in 

which it is clear whether sociality preceded robbing or vice versa, and that is a 

case in which sociality originated first. On branches on which sociality and 
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nectar-robbing were correlated, in L-T bees, sociality may have preceded 

robbing twice in the Xylocopa/Braimsapis clade and possibly once more in the 

Eiifriesea/Bombus clade. In these clades, the alternative is that sociality and 

nectar-robbing originated simultaneously. In S-T bees, it appears that sociality 

preceded robbing once in the Corynura/Aiigochlora clade and either preceded 

robbing or occurred simultaneously in the ancestors of the 

Dieunomia/Augochlora clade. In S-T bees, sociality and robbing occurred 

simultaneously two more times, in Andrena and Perdita. 

Eusociality may have preceded robbing at least twice and robbing may 

have preceded eusociality at least once in bees. On branches on which 

sociality and nectar-robbing were correlated, in L-T bees eusociality preceded 

robbing in the Ceratina/Braunsapis clade, and either preceded robbing or 

originated simultaneously in the Melipona-Bombus clade. On branches on 

which sociality and nectar-robbing were correlated, in S-T bees robbing 

preceded eusociality in the Augochloropsis/Augochlora clade. Also in S-T bees, 

eusociality either preceded robbing or occurred simultaneously in the ancestor 

of Lasioglossum. 

The ANOVA indicated that sociality and geographical region 

significantly affected both the median and maximimi diet breadth of species 

within genera (Table 2). Subsocial and eusocial bees had the broadest diet 

breadth in all three regions (Figs. 5-7). 

There was no difference between primary and secondary nectar-

robbers in median or maximum diet breadth of species within genera (p < 

0.48, p < 0.22 in ANOVA using robbing, region, and robbing x region as 
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factors, n = 34). In ail three regions, nectar-robbers had a broader diet breadth 

than did non-robbers (Table 3). 

Partial correlatioris between pairs of variables using independent 

contrasts, with each region considered separately, indicated that sociality was 

significantly correlated with nectar-robbing in the Eastern U. S., but not 

significantly in the other regions (Table 4). Social species in the Eastern U. S. 

also visited significantly more host plants in the Eastern U. S. than did less 

social species, as measured by maximum diet breadth of species within each 

genus. 

Nectar-robbers, but not more social bees, visited significantly more 

plants in California, when diet breadth was measured by median diet breadth 

of species (Table 4). Nectar-robbers also used significantly more resources in 

Costa Rica, as shown by the maximim:\ diet breadth of species in genera. 

There were trends of positive correlations between sociality, nectar-

robbing, and diet breadth for all locations and all permutations of phylogenies 

(Table 4). Phylogenetic arrangement of families of bees did not affect 

correlations between variables. However, whether diet breadth of bee genera 

was summarized by medians or by maximums did affect outcomes of 

analyses. 

One might predict that sociality, nectar-robbing, and broad diet breadth 

might be more likely to be foimd in larger genera, because even if these 

behaviors were distributed randomly among species, larger genera would 

have more opportunities for these behaviors to appear. However, only in 

California were nectar-robbers found in larger genera (Table 4). In CaUfomia, 

nectar-robbers also visited significantly more host plants, as measured by 
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median diet breadth; wh^ the effect of nectar-robbing was removed, species 

in. larger genera visited significantly fewer host plants than did species in 

smaller genera. 

Discussion 

Danforth and Eickwort (1997) hypothesized that activity of bees over 

long seasons may be a prerequisite for the evolution of sociality in bees. A 

corollary of this hypothesis is that pre-sodal bees must have had a wide range 

of host plants to use over the season to support multiple broods. A broad diet 

breadth may have been a precondition for the evolution of sociality either 

because it ciUowed a longer lifespan of females that initiate nests or because it 

was necessary for multivoltinism (multiple broods per year). Both long 

lifespan of nest foundresses and multivoltinism may have preceded 

generational overlap, a necessary condition for the existence of sociality (fig. 

1). 

Generalization in host-plant use (i.e. broad diet breadth) may have 

been one necessary condition for the evolution of sociality. It is already 

known that social bees tend to be active for several months, whereas solitary 

bees often are active only a few weeks during the year, even in the tropics 

(Heithaus 1979b; Wcislo and Cane 1996). In addition, families of bees with 

social genera tend to have exceptionally long-lived females, in comparison to 

families without social genera. Within families with social genera, the 

evolution of long-lived females appears to have preceded sociality, because it 



1 3  1  

is present in closely related non-social groups (Michener 1969; Schwartz et al. 

1997). 

Association of sociality with nectar-robbing 

A shift in foraging behavior to nectar-robbing was found to be 

correlated with the evolution of sociality in bees. By opening up nectar 

resources enclosed by tubular corollas, nectar-robbing may have allowed an 

increase in generalization, which may have been a necessary condition for 

sociality to evolve. If eusociality originated from subsociality, nectar-robbing 

may have favored the transition to subsociality, because a wide range of 

resources may have been necessary to sustain the multiple generations over a 

year that would occur when an adult female lived with her immature 

offspring. It is more difficult to produce a scenario in which expansion of 

foraging range promotes transitions to semisociality (cooperation among 

females of same age) to eusociality because cooperation within a generation 

may not depend on having a wide range of resources. However, a broad diet 

breadth may have been necessary to support a traiisition from semisociality 

to eusociality because it would have supported multiple broods per year and 

longevity of females. Thus, generalization may have been important at 

different stages in the evolution of eusociality from subsociality as compared 

with the evolution from semisociality. If eusocial behavior originated directly 

from solitary behavior, which is suggested at several locations in the 

phylogeny of bees, diet breadth may still have been an important 
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precondition; it may have been necessary to support long-lived breeding 

females and to support multiple generations living together over a season. 

Nectar-robbing is associated with sociality on the phylogeny. Bee 

genera that have a broader diet breadth are associated with more complex 

levels of sociality. However, the effect of these factors on the evolution of 

sociaKty disappears when phylogenetic effect is considered. These results 

indicate that genera that share sociality, the presence of nectar-robbing, and 

generalization also share conunon ancestors; there are a few evolutionary 

events that have affected miiltiple genera. 

Nectar-robbing may be associated with sociality in other groups of 

insects as well. Other nectar-robbing insects include eusocial wasps in the 

family Vespidae, Vespida (Rust 1979) and Polistes (Barrows 1980), and ants 

Camponotus (Rust 1979) and Pachycondyla (McDade and Kinsman 1980). In 

addition, there are no nectar-robbers among sphecid wasps, a group in which 

eusociality is rare. Finally, no robbers are found in Masarinae, the solitary 

pollen wasps, even though they visit flowers (Gess 1996). 

In three other groups of insects, a shift in foraging behavior is 

associated with sociality. First, in bark beetles, solitary beetles turmel only in 

dead trees, but a social clade of beetles attacks live trees, cooperating to 

overwhelm trees' defenses (Kirkendall 1997). Second, gregarious tent 

caterpillars cooperate and communicate by odor trails. These gregarious 

caterpLQars more effectively overcome plant defenses and when they forage 

as a group than when they forage alone (Fitzgerald 1995). Third, social 

spiders cooperate to capture and consume large prey that a solitary spider of 

the same species cannot subdue (Rypstra and Tirey 1991). In these three cases. 
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sociality is associated with foraging efficiency, not generalization. Sociality in 

these insects may be favored by the benefits of group foraging. Social bees 

may also benefit by group foraging when commimicating locations of 

resources with nestmates permits more efficient foraging. However, this 

commimication is only known from Apis, Bombus, and Trigona (Roubik 1989), 

so is unlikely to have preceded the evolution of sociality or been an important 

factor in its evolution. 

The Origin of Bees and Routes to Eusocialiti/ 

Because most basal bees were solitary and one hypothesis suggests that 

the common ancestor of the sister-groups sphecid wasps and Apoidea (bees) 

was probably solitary, I coded the hypothetical ancestral bee as solitary. 

However, with more information on phylogenetic relationships among basal 

bees and sphecid wasps, this hypothesis could change. This hypothesis is 

supported by independent evidence that suggests that the most basal sphecid 

wasps are also solitary (Roig-Alsina and Michener 1993). Two hypotheses 

have been offered for which group in Sphecidae is most basal. One 

h5^othesis suggests that subfamilies Sphecinae and Ampulicinae are basal 

groups (Brockmann 1997; Alexander 1992). Because both subfamilies contain 

only solitary wasps, parsimony would reconstruct the ancestor of Apoidea 

and Sphecidae as solitary. Another hypothesis has placed Pemphredoninae, 

the group containing the only eusocial sphecid wasp Microstigmus, at the base 

of Sphecidae (Michener 1986; Matthews 1991). Though most of the species 

within this subfamily are solitary (Brockmann 1997), it is unknovm whether 
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the ancestral species within this subfamily was also likely to have been 

solitary. 

Understanding routes to eusociality in bees provides evidence about 

factors that favor the evolution of eusociality. It has been suggested that 

eusociality has evolved through two different routes in bees: through 

semisodaLity in Halictidae, and through subsodality in Apidae (Lin and 

Michener 1972; Michener 1974). In semisocial groups, imrelated females of the 

same age nest together; in subsodal groups, females nest with immature 

relatives. If eusocial bees evolved from semisocial bees, a factor such as group 

defense against predation or parasitism may have been important in selection 

for this transition. However, group defense is less likely to be an important 

factor in the evolution of eusociality from subsociality; when a single female is 

caring for immature offspring, kin selection is more likely to be a factor in the 

development of eusociality. 

A comparison of bee genera (Appendix E) shows that eusocial genera 

in Halictidae also vary to semisodality. Eusocial genera in Apidae also tend to 

be subsocial, quasisocial, or semisocial. Genera that share ancestors with the 

eusocial genera are solitary, not sodal (Fig. 1). That these groups are solitary 

suggests either that the potential to be eusocial arose within each eusocial 

genus soon after the evolution of less complex forms of sociality, or that less 

complex forms of sociality are not necessarily intermediate in the evolution 

from solitary to eusocial behavior. 

Association of Eusociality, Nectar-robbing, and Diet Breadth 
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One difficulty" in using the type behavioral characters in this study is 

that they are dependent on number of observations of the taxa. I coded 

sociality and nectar-robbing as present when they were known, but the taxa 

in which sociality and nectar-robbing are absent may just be those in which 

these traits are yet to be discovered. Diet breadth of bees may also be 

dependent on observations because rare taxa are less likely to be collected on 

plants and thus may tend towards having a lower estimated diet breadth than 

do common taxa. However, estimates of diet breadth may be less affected by 

commonness of taxa because I excluded from analyses species that were 

known to be rare. For all three characters, socicility, nectar-robbing, and diet 

breadth, there will imdoubtedly be more observations and subsequent 

changes in coding from absent to present for the former characters and to 

increasing diet breadth in the latter. These changes may affect estimated 

numbers of gains and losses. However, they will probably not affect the 

hypothesized correlatioris between aU three because changes in codings of a 

few taxa will not much affect the outcome of analyses. In particular, the 

correlation between sociality and nectar-robbing is so strong that it is unlikely 

to change. 

An entire suite of traits—sociality, nectar-robbing, and diet breadth-

may be connected through learning abilities of bees. Among several species 

of megachilid bees, bees that visit more pollen sources have a wider variety of 

methods of pollen uptake than do more specialized bees (Miiller 1996), which 

indicates that diet breadth is at least partly determined by flexibility in 

foraging behavior of bees. Nectar-robbing may originate from opportunistic 

foraging, perhaps at corollas damaged by herbivores rather than by other 
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bees, because secondary robbing appears to have evolved at least once 

without being preceded by primary robbing. Bees with this flexibility in 

behavior may have greater learning abilities than bees that are not robbers; 

sociality has also been suggested to be correlated with learning ability (Dukas 

and Real 1991). Having nestmates may also make robbing more energetically 

profitable, because nestmates may more easily find robbed flowers and use 

refilled nectar. 
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Table 1. Levels of social organization among bees (adapted from Michener 
1974) 

Level Characteristics 

Character state Character state 
in analysis of in analyses of 

correlation with correlation with 
nectar-robbing diet breadth 

Solitary 

Solitary and 
aggregating 

Par asocial 
commxinal 

quasisodal 

semisocial 

Subsocial 

Eusodal 

no castes, no progressive 
feeding, no cooperative 
work on cells 

same as above, but nests 
are grouped 

a group of imrelated 
females of the same 
generation making own 
cells within a single nest 

a group of females 
cooperatively provisions 
cells; ovaries similar size 
in females; females may 
be unrelated 

all females in a single 
generation cooperatively 
provision cells and divide 
labor; females differ in 
ovary sizes; females 
may be imrelated 

adult female and her 
immature offspring 
which are fed by adult 

several generations of 
adults; division of labor 
and castes; ovarian 
development differs 
between workers and 
queens 

0 0 
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Fig. 1. Phylogeny of the short-tongued bees with Colletidae basal, adapted 
from. Alexander and Michener 1995, Danforth and Eickwort 1997, and Pesenko 
1999). The phylogeny shows the reconstructed evolution of social 
development. 
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Fig. 2. Phylogeny of the long-tongued bees, adapted from Roig-Alsina and 
Michener 1993. The phylogeny shows the reconstructed evolution of social 
development. 
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Fig. 3. Phylogeny of the short-tongued bees with Colletidae bascd, adapted 
from Alexander arid Michener 1995, Danforth and Eickwort 1997, and Pesenko 
1999). The phylogeny shows the reconstructed evolution of nectar-robbing. 
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Fig. 4. Phylogeny of the long-tongued bees, adapted from Roig-Alsina and 
Michener 1993. The phylogeny shows the reconstructed evolution of nectar-
robbing. 



Table 2: ANOVAs of median and maximum diet breadth of species within genera as a function of 
maximal social development within each genus and of geographical region. 

Parameter Source df SS F P 
Median diet breadtht Sociality 3 3.643 10.876 <0.0001 

Region 2 1.743 7.804 0.0009 
Sociality x region 6 1.040 1.553 0.175 
Error 67 7.481 

Maximum diet breadtht Sociality 3 5.094 13.996 <0.0001 
Region 2 7.435 30.639 <0.0001 
Sociality x region 6 1.667 2.291 0.045 
Error 67 8.129 8.129 

t log-transformed 
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100 

Eastern U. S. 

Maximal Social Development within Genus 

Fig. 5. Maximal social development and median diet breadth of bee genera in 
Eastern U. S.. See Table 1 for explanation of levels of sociality. These data 
were used in the ANOVAs that did not accoiint for phylogenetic relationships. 
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Costa Rica 

12 3 
Maximal Social Development within Genus 

Fig. 6. Maximal social development and median diet breadth of bee genera in 
Costa Rica. See Table 1 for explanation of levels of sociality. These data were 
used in the ANOVAs that did not account for phylogenetic relationships. 
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125 

California 

25 

0 
Maximal Social Development within Genios 

Fig. 7. Maximal social development and median diet breadth of bee genera in 
Califorrua. See Table 1 for explanation of levels of sociality. These data were 
used in the ANOVAs that did not account for phylogenetic relationships. 



Table 3: ANOVAs of median and maximum diet breadth of species within genera as a function of 
presence or absence of nectar-robbing within each genus and of geographical region. 

Parameter Source df SS F P 
Median diet breadtht Nectar-robbing 

Region 
Robbing x region 
Error 

1 
2 
2 

73 

1.546 
1.467 
0.024 

10.573 

10.676 
5.065 
0.084 

0.0017 
0.0087 
0.9193 

Maximum diet breadtht Nectar-robbing 
Region 
Robbing x region 
Error 

1 
2 
2 

73 

3.623 
6.804 
0.068 

11.385 

23.233 
21.816 
0.220 

<0.0001 
<0.0001 

0.803 

t log-transformed 



Table 4: Partial correlation coefficients for pairs of variables, using independent contrasts from COMPARE. 
Partial correlations determine the correlation between each pair of variables while holding constant the value of 
each of the other variables. Correlations for each region are analyzed separately. A-F. Correlations using 
median diet breadth of species in genera. G-L. Correlations using maximum diet breadth of species in genera. 
Number of contrasts = 23 for Eastern U. S., 27 for California, and 26 for Costa Rica. 

Variable 

A. Eastern U.S.-Halictidae basal 

Median diet 
breadth of 
species in 
genera 

Sociality 
(0.1.2,3) 

Nectar-robbing 
(0.1) 

Number of 
species in 

genera 
Median diet breadth of species in genera 
Sociality (0,1,2,3) 
Nectar-robbing (0,1) 
Number of species in genera 

B. Eastern U.S.-Colletidae basal 

0.42 
-0.27 
-0.10 

0.42 

0.51 
0.17 

-0.27 
0.51 

0.21 

-0.10 
0.17 
0.21 

Median diet breadth of species in genera 
Sociality (0,1,2,3) 
Nectar-robbing (0,1) 
Number of species in genera 

C. California-Halictidae basal 

0.42 
0.27 
0.10 

0.42 

0.51"^ 
0.17 

-0.27 
0.51 

0.21 

0.10 
0.18 
0.21 

Median diet breadth of species in genera 
Sociality (0,1,2,3) 
Nectar-robbing (0,1) 
Number of species in genera 

D. California-Colletidae basal 

0.31 
0.60 + 

- 0.76 ++ 

0.31 

0.0013 
0.34 

0.60 + 
0.0013 

0.72 ++ 

• 0.76 ++ 
0.34 
0.72 ++ 

Median diet breadth of species in genera 
Sociality (0,1,2,3) 
Nectar-robbing (0,1) 
Number of species in genera 

0.31 
0.65 ++ 

• 0.75 ++ 

0.31 

0.00006 
0.34 

0.65 ++ 
0.00006 

0.74 ++ 

• 0,75 ++ 
0.34 
0.74 ++ 

P< 0.05; P < 0.01; + P < 0.005; 



Variable Median diet 
breadth of Number of 
species in Sociality Nectar-robbing species in 

E. Costa Rica-Halictidae basal genera (0,1,2,3) (0,1) genera 
Median diet breadth of species in genera — 0.020 0.24 0.016 
Sociality (0,1,2,3) 0.020 — 0.26 - 0.029 
Nectar-robbing (0,1) 0.24 0.26 — 0.23 
Number of species in genera 0.02 - 0.029 0.23 

F. Costa Rica-Colletidae basal 
Median diet breadth of species in genera — 0.032 0.23 0.015 
Sociality (0,1,2,3) 0.032 — 0.23 -0.045 
Nectar-robbing (0,1) 0.23 0.23 — 0.23 
Number of species in genera 0.015 - 0.045 0.23 

Maximum diet 
breadth of Number of 
species in Sociality Nectar-robbing species in 

G. Eastern U.S.—Halictidae basal genera (0,1,2,3) (0,1) genera 
Maximum diet breadth of species in — 0.52"^ 0.21 0.16 

genera 
Sociality (0,1,2,3) 0.52"^ — 0.18 - 0.0093 
Nectar-robbing (0,1) 0.21 0.18 — 0.39 
Number of species in genera 0.16 - 0.0093 0.39 

H. Eastern U.S.-Colletidae basal 
Maximum diet breadth of species in — 0.49"^ 0.17 0.23 

genera 
Sociality (0,1,2,3) 0.49'^ — 0.31 0.011 
Nectar-robbing (0,1) 0.17 0.31 — 0.20 
Number of species in genera 0.23 0.011 0.20 — 

P< 0.05; P < 0.01; + P < 0.005; ++ P < 0.001 



Variable Maximum diet 
breadth of Number of 
species in Sociality Nectar-robbing species in 

I. California-Halictidae basal genera (0,1,2,3) (0,1) genera 
Maximum diet breadth of species in — 0.080 0.33 -0.011 

genera 
Sociality (0,1,2,3) 0.080 — 0.21 0.17 
Nectar-robbing (0,1) 0.33 0.21 — 0.48'^ 
Number of species in genera - 0.011 0.17 0.48"^ 

J. California-Colletidae basal 
Maximum diet breadth of species in — 0.083 0.36 0.0097 

genera 
Sociality (0,1, 2,3) 0.083 — 0.23 0.16 
Nectar-robbing (0,1) 0.36 0.23 — 0.46"^ 
Number of species in genera 0.0097 0.16 0.46"^ 

K. Costa Rica-Halictidae basal 
Maximum diet breadth of species in — - 0.055 0.41 0.24 

genera 
Sociality (0,1,2,3) - 0.055 — 0.27 - 0.015 
Nectar-robbing (0,1) 0.41"^ 0.27 — 0.12 
Number of species in genera 0.24 - 0.015 0.12 

L. Costa Rica-ColIetidae basal 
Maximum diet breadth of species in — - 0.038 0.40"^ 0.23 

genera 
Sociality (0,1,2,3) - 0.038 — 0.24 - 0.035 
Nectar-robbing (0,1) 0.40"^ 0.24 — 0.12 
Number of species in genera 0.23 - 0.035 0.12 — 

P< 0.05; P < 0.01; + P < 0.005; ++ P < 0.001 
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APPENDIX E 

Summary of level of sociality and level of nectar-robbing for genera of short-tongued and long-tongued bees. 
Sources describe level of sociality. Nectar-robbing is categorized as 0 = non-robber, 1 = primary robber, 2 = 
secondary robber. Foraging references include studies of all aspects of foraging behavior, not only nectar-
robbing. Median number of host plants visited by all species of bees within a genus is summarized for each 
geographic area. Data for host use were compiled from Michell 1960 and Mitchell 1962 for Eastern U. S., from 
Heithaus 1979 for Costa Rica, and from Moldenke and Neff 1974 from California. 

Level of 
Median Number (Range) of Hosts 

Visited in a Geographical Area 

Genus 
Level of 
Sociality Sources 

Nectar-
Robbing Eastern U.S. Costa Rica California 

Colletes solitary (Michener 1974) 0 4 (2-7) 3 (1-39) 
Mourecotelles solitary (Michener 1974) 0 
Caiipolicana solitary (Michener 1974) 0 
Craivfordapis solitary (Michener 1974) 0 
Cade^uala solitary (Michener 1974) 0 
Diphci^lossa solitary (Michener 1974) 0 
Mydrosoma solitary (Michener 1974) 0 
Callomelitta solitary (Michener 1974) 0 
Leiproctus solitary (Michener 1974) 0 
Eulonchopria solitary (Michener 1974). 0 
Trichocolletes solitary (Michener 1974) 0 
Lonchopria solitary (Michener 1974) 0 
Scrapter solitary (Michener 1974) 0 
Amphylaeus communal or 

quasisocial, 
solitary 

(Spessa et al. 2000; 
Michener 1974) 

0 

Mero^lossn solitary (Michener 1974) 0 
Hyleoides solitary (Michener 1974) 0 



Hylaeus solitary (Michener 1974) 0 3 (1-13) 16 (1-104) 
Chilicola solitary (Michener 1974) 0 
Eim/^lossa solitary (Michener 1974) 0 
Eiin/^lossula solitary (Michener 1974) 0 
Andrena communal, (Paxton 1991; Riddick 2 5 (1-46) 6 (1-61) 

solitary 1992; Miliczky and 
Osgood 1995; Paxton, 
Thoren et al. 1996; 
Neff and Simpson 
1997; Paxton, Fries et 
al. 1997) 

Euherbstia solitary (Michener 1974) 0 
Alocandrem solitary (Michener 1974) 0 
Hypomacrotera/ 
Colliopsis 

aggregating, 
solitary 

(Rozen 1967; Danforth 
1990) 

0 3(1-17) 

Megandrem solitary (Michener 1974) 0 
Protoxaea solitary (Michener 1974) 0 
Dufoiirea solitary (Michener 1974; 

Eickwort, Kukuk et al. 
1986) 

0 2 (1-5) 3(1-32) 

Systropha solitary (Michener 1974) 0 
Dieunomia solitary (Wcislo 1993; 

Minckley, Wcislo et al. 
1994; Wcislo, Minckley 
et al. 1994) 

0 

Nomia quasisocial, 
communal, 

solitary 

(Michener 1974; Wcislo 
1992; Wcislo 1993; 
Vogel and Kukuk 
1994) 

0 11 (1-17) 34(18-43) 

ON 



Lasioglossum eusocial, 
semisocial, 

solitary 

(Michener 1974; 
Sakagami and Maeta 
1984; Danforth 1991) 

1 13 (1-148) 4 (1-21) 4 (1-132) 

Agapostemon communal, 
solitary 

(Abrams and Eickwort 
1981) 

0 52 (20-89) 9(9) 67 (29-130) 

AugochJora eusocial, 
semisocial, 

solitary 

(Danforth and 
kckwort 1997) 

2 68 (68) 5.5 (1-18) 

Corynura communal or 
semisocial, 

solitary 

(Danforth and 
Eickwort 1997) 

0 

Augochlorella eusocial, 
semisocial, 

solitary 

(Danforth and 
Eickwort 1997) 

2 89 (18-142) 13 (2-23) 123 (123) 

Augochloropsis semisocial, 
communal, 

solitary 

(Danforth and 
Eickwort 1997) 

2 16 (13-80) 23 (11-35) 

Pseudaugochlom semisocial (Michener, 1974; 
Sakagami and Maeta 
1984) 

1 5(5) 

Macropis solitary (Michener 1974) 0 3.5 (1-5) 
Melitta solitary (Michener 1974) 0 2.5 (1-5) 
Dasypoda solitary (Michener 1974; 

Chmurzynski, 
Kieruzel et al. 1998) 

0 

Meganomia solitary (Michener 1974) 0 
Haplomelitta solitary (Michener 1974) 0 
Hesperapis solitary (Michener 1974) 0 7 (1-27) 
Eremapis aggregating (Neff 1984) 0 

ON 
ON 



Exomalopsis communal (Michener 1974; 
Norden, Krombein et 
al. 1994) 

0 4.5 (MO) 4 (1-18) 

Paratetrapedia aggregating (Michener 1974) 2 7 (1-22) 
Ancyloscelis aggregating, 

solitary 
(Torchio 1974; Bullock, 
Ayala et al. 1991; 
Yanega 1994) 

0 4.5 (2-7) 

Melitoma solitary (Bullock, Ayala et al. 
1991; Yanega 1994) 

0 7(7) 

Diadasia solitary (Ordway 1987; Neff 
and Simpson 1992; 
Wcislo and Cane 1996) 

0 8(1-23) 

Diadnsin solitary (Martins and Figueira 
1992; Martins and 
Antonini 1994) 

0 

PtiJothrix solitary (Martins, Guimaraes et 
al. 1996) 

0 6(6) 

Telrapedin solitary (Michener 1974) 0 2(2) 
Eucera solitary (Kadmon and Shmida 

1992) 
0 

Melissodes aggregating, 
solitary 

(Triplett and Gittins 
1988; Cameron, 
Whitfield et al. 1996) 

0 15 (1-77) 7 (4-17) 5(1-89) 

Svastra communal (Rozen 1983; Cane 
1995) 

0 22 (7-50) 1(1) 1.5 (M6) 

Peponapis solitary (Michener 1974; Willis 
and Kevan 1995) 

0 8(8) 3 (1-5) 

Anthophora aggregating, 
solitary 

(Giblin and Kaya 1980; 
Stone 1994; Willmer, 
Gilbert et al. 1994) 

0 12 (2-31) 1(1) 4 (1-56) 

Hnbropoda solitary (Cane 1994) 0 2 (1-14) 



Deltoptik solitary (Michener 1974) 0 
Centris solitary (Michener 1974; 

Spangler and 
Buchmann 1991; 
Yanega 1994) 

0 3.5 (1-11) 4.5 (1-17) 

Epidmris solitary (Michener 1974) 0 2(1-3) 
Manuelia solitary ? (Michener 1974) 0 
Xylocopn eusocial, 

subsocial, 
solitary 

(Minckley 1987; 
Danforth 1991; 
Vicidomini 1996) 

1 19 (17-21) 4(2-11) 41 (20-50) 

Ceratim eusocial, 
quasisocial, 
semisocial, 

solitary 

(Sakagami and Maeta 
1977; Sakagami and 
Maeta 1984; Danforth 
1991; Mcintosh 1997) 

2 31 (4-140) 8(1-14) 32 (3-97) 

Macro^alea social (Michener 1974) 0 
Braunsapis eusocial, 

semisocial 
(Sakagami and Maeta 
1984; Danforth 1991) 

0 

Bombus eusocial (Michener 1974) 2 14 (1-157) 1 (1-1) 36 (5-139) 
Apis eusocial (Michener 1974) 2 13 (13) 
Melipom eusocial (Ramalho, Imperatriz-

Fonseca et al. 1998) 
0 23 (23) 

Partamona eusocial (Michener, McGinley 
et al. 1994) 

1 

Euglossn parasocial, 
solitary 

(Ramirez-Arriaga, 
Cuadriello-Aguilar et 
al. 1996) 

0 1(1) 

Eiifriese/ 
Euplusia 

aggregating (Myers and Loveless 
1976) 

0 

Pararhopites communal (McGinley and Rozen 
1987) 

0 



Neofidelia solitary (Michener 1974) 0 
Parafidelia solitary (Michener 1974) 0 
Lithur^e solitary (Michener 1974) 0 3.5 (1-6) 1(1) 13 (13) 
Trachusa aggregating, 

solitary 
(Michener 1974; Cane 
1996) 

0 5(1-12) 

Anthidium solitary (Sugiura 1994; Muller, 
Topfl et al. 1996) 

2 7.5 (5-10) 5 (3-7) 13 (2-40) 

Hoplitis communal, 
solitary 

(Eickwort 1975) 0 10 (1-45) 2(1-61) 

Osmin communal, 
solitary 

(Raw 1972; Rust, 
Thorp et al. 1974; 
Parker 1975; Parker 
1980; Torchio and 
Tepedino 1980; Parker 
1981; Tepedino and 
Torchio 1982; Scott 
1993; Vandenberg 
1995; Fauria and 
Campan 1998) 

2 8 (1-51) 7(1-71) 

Megachile aggregating, 
solitary 

(Michener 1974) 2 13 (2-102) 3 (1-7) 6 (1-116) 

Ctenoplectra solitary (Michener 1974) 0 
Partmnona eusocial (Michener 1974) 1 
Paratri^om eusocial (Michener 1974) 1 
Perditn communal, 

solitary 
(Rozen 1967; Danforth 
1989; Danforth 1991; 
Danforth, Neff et al. 
1996) 

1 3 (1-8) 2(1-21) 

Tri^om eusocial (Michener 1974) 1 30 (3-95) 

0\ 
VO 
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