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6 Bees Not to Be? Responses of Insect Pollinator Faunas and Flower Pollination to Habitat Fragmentation M.A. Aizen and P. Feinsinger



6.1 Introduction Many plants rely on animal pollinators to set seed. Therefore, plant-pollinator mutualisms can be critical to the functioning and maintenance of native ecosystems (Bawa 1974, 1990; Gilbert 1980;; Bawa et al. 1985; Bullock 1985; Feinsinger 1987, Nabhan and Fleming 1993). Some such mutualisms involve “charismatic microvertebrates” such as hummingbirds and bats, but ca. 90 % of animal-pollinated plants are serviced by less charismatic, often unnoticed insects. Flies, butterflies, moths, beetles, and most importantly bees are responsible for a large proportion of all seeds produced by the earth’s wild and cultivated plants (Barth 1991; Buchmann and Nabhan 1996; Kearns and Inouye 1997; Kearns et al. 1998). Evidence is accumulating that anthropogenic habitat alteration can strongly affect the diversity and composition of vertebrate assemblages. Much less data exist, however, regarding the effects of habitat alteration – for example, fragmentation – on assemblages of insects and other invertebrates (Rathcke and Jules 1993; Didham et al. 1996; Kearns et al. 1998). Here, we review the evidence on responses of insect pollinator faunas to fragmentation; propose a variety of possible mechanisms behind the responses; and then evaluate the links between those responses on the part of pollinators – in terms of abundance, species diversity, and assemblage composition – and subsequent responses on the part of the plants – in terms of pollination levels and seed production. Along the way, we identify important gaps in knowledge and suggest areas for further research.
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6.2 Patterns of Change in Pollinator Faunas Due to Habitat Fragmentation Plant-pollinator interactions display considerable spatial and temporal variability. The abundance and composition of pollinator assemblages changes not only among localities and years, but also from plant to plant and day to day (Herrera 1988, 1995; Horvitz and Schemske 1990; Eckhart 1992; Roubik 1992; Aizen 1997). One might expect that, given this high intrinsic variability, insect pollinator assemblages would not be particularly susceptible to moderate levels of habitat fragmentation, or that any effect would be difficult to detect. Likewise, as many plants are pollinated not by a single animal species, but rather by a diverse array of taxa (Feinsinger 1983; Jordano 1987; Roubik 1992; Waser et al. 1996), one might expect plant reproduction to be somewhat buffered from any fragmentation-induced changes in the nature of pollinator assemblages. Most studies conducted to date, however, indicate that at least the animal side of the plant-pollinator mutualism – specifically, the insect pollinator fauna – responds markedly to habitat fragmentation, changing in abundance, diversity, and species composition with increasing fragmentation (Rathcke and Jules 1993; Murcia 1996; Kearns et al. 1998). Studies comparing insect pollinator faunas in fragments with those in continuous expanses of natural habitat have found consistent decreases in diversity and abundance of native insect pollinators with increasing fragmentation. Butterfly inventories in 12.0-, 2.1-, and 1.4-ha urban remnants of tropical deciduous forest in SE Brazil listed respectively 78, 47, and 46 species (Rodrigues et al. 1993), a conspicuous trend although the number of species still persisting in small fragments is surprisingly large (see also Turner and Corlett 1996). Likewise, abundance of euglossine bees (specialized pollinators of Orchidaceae and other tropical families; Roubik 1989), as sampled at chemical baits in central Amazonian wet forest, declined monotonically from continuous forest through fragments of 100, 10, and 1 ha embedded in a recently clear-cut matrix (Powell and Powell 1987). Failure to duplicate those results in a repeat study 6 years later (Becker et al. 1991) may have arisen in part from the use of a different sampling protocol, and also from changes in the nature of the matrix, by then a robust second-growth scrub. To this group of longdistance pollinators (Janzen 1971, 1974; Raw 1989), second growth might be a much less serious barrier than barren cleared areas. Like their tropical neighbors, subtropical forests in the Americas are experiencing high rates of fragmentation, and in addition many have been seriously affected by overgrazing and selective logging since the time of European colonization (Bucher 1987; Adamoli et al. 1990; Lerdau et al. 1991). In a dry subtropical “chaco serrano” forest, we found fragmentation to be associated with a steep decrease in diversity and abundance of native insect pollinators as sampled by two polyphilic treelet species and by yellow pan traps (Aizen F. Kröner, Heidelberg
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and Feinsinger 1994a). The study involved replicated comparisons among tracts of continuous forest, large forest fragments (>2 ha), small forest fragments (
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Fig. 6.1. Number of bee species captured in yellow pan traps in continuous forest, large forest fragments (>2 ha), small fragments (
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barley and oat fields. Continuous habitat supported eight bumblebees and ten butterfly species, the fragments only two and four species, respectively. When assessing the effects of fragmentation on species assemblages, though, we should ask not only “how many?” but also “who?” (cf. Patterson 1987). If the pollinator fauna of fragments consists mainly of the “weedy” species that abound in the converted matrix, then the number of species is irrelevant: it is quite improbable that fragmented landscapes could sustain robust regional faunas of the original, native flower-visitors. In the Argentine chaco, we found that bee assemblages in small fragments converged in species composition on those of the surrounding agricultural matrix (Aizen and Feinsinger 1994a). In particular, in flowers and in pan traps, the frequency of feral Africanized honeybees (Apis mellifera) increased with fragmentation. The spread of “weedy” insect flower-visitors may be enhanced not only by the mosaic-like nature of fragmented landscapes, but also by overall anthropogenic changes in habitat characteristics. In a very different Argentine habitat, temperate Nothofagus forests of the southern Andes, the senior author found that foragers of the only native bumblebee species, Bombus dahlbomii, declined in relative abundance while foragers of Bombus ruderatus, a recent invader from Europe (Roig-Alsina and Aizen 1996), increased along a gradi-
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Site Fig. 6.2. Relative number of native (Bombus dahlbomii) and exotic (B. ruderatus) bumblebees observed visiting flowering patches of the native herb Alstroemeria aurea in six sites differing in forest type and disturbance level, Nahuel Huapi N.P., Argentina. Bumblebees made >70 % of visits to flowers of this species. Of the 462 visits recorded during a total of 360 10-min observation periods distributed across sites and throughout the 1996 flowering season, B. dahlbomii made 274 and B. ruderatus 188. Sites: 1 Old-growth Nothofagus forest (Challhuaco); 2 creek in lightly disturbed mixed Austrocedrus forest (Co. Otto); 3 moderately disturbed Austrocedrus forest (Co. Runge); 4 highly disturbed post-fire matorral (Casa de Piedra); 5 highly disturbed suburban Austrocedrus forest (Co. Otto); 6 urban Pinus/Austrocedrus forest (Co. Runge)
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ent of anthropogenic habitat alteration (Fig. 6.2). Likewise, monotonic changes in butterfly community diversity and composition occurred along an urban-forest gradient in Porto Alegre, southeastern Brazil (Ruszczyk and de Araujo 1992).



6.3 Mechanisms and Processes Behind Changes in Pollinator Faunas Many recent studies dealing with animals in habitat mosaics suggest that the absence of a species from small or isolated habitat patches may best be explained by metapopulation processes (Hanski 1994). For example, high extinction rates associated with small population size and reduced colonization imposed by habitat barriers, two characteristics of a species displaying metapopulation dynamics, may explain patterns of patch occupancy by butterflies in fragmented landscapes (Harrison et al. 1988; Thomas et al. 1992; Hanski et al. 1994). We do not know of any comparable study for species of other major groups of insect pollinators such as bees or flies. In theory, the fate of each small, isolated population simply depends on stochastic demographic processes (as emphasized by metapopulation theory, Gilpin and Soulé 1986). In reality, though, more deterministic mechanisms related to species’ natural history may be responsible for rapid disappearance of particular flower-visitors from, and for low recruitment to, habitat fragments. To date, no study dealing with patterns in insect diversity and abundance in fragmented landscapes has clearly linked the patterns observed with underlying biological mechanisms – which leaves us free to speculate. Simple behavioral constraints may inhibit some insects from crossing habitat barriers even as narrow as a few tens of meters wide. This could explain the loss from fragments of many habitat specialists, for example certain forest-dwelling bees and butterflies, which are never found in highly modified habitats such as cattle pastures and crop fields. Restriction of these species to the forest interior might be related to specific microenvironmental requirements as well (Herrera 1995). Habitat fragmentation may also decrease the density and quality of nesting sites for some insects, for example, many bees. Physical changes associated with edge effects (Lovejoy et al. 1986; Saunders et al. 1991; Murcia 1995), such as desiccation, might render a large proportion of a fragment’s area unsuitable for nesting. If habitat fragmentation is associated with a change in disturbance regime, such as an increase in fire frequency, overgrazing, and/or soil compaction, then nesting conditions for many ground-dwelling solitary bees are likely to be affected (Vinson and Frankie 1991; Kearns and Inouye 1997). Firewood extraction, a common practice in forest remnants (cf. Schelhas and Greenberg1996), may also affect the availF. Kröner, Heidelberg
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ability of nesting sites for trunk-nesting flower visitors such as Xylocopa bees (Roubik 1989). Abundance of insect visitors at flowering plants is ultimately limited by the food resources available. The high metabolic rates of flying insects create a high demand for food, and overall the spatial and temporal patterns of occurrence of flower-visitors tend to track the spatial and temporal patterns of presentation of their food resources: nectar and pollen in flowers (Fleming 1992; Bronstein 1995). Furthermore, both social and solitary pollinators are able to distinguish between rich and poor food sources at scales ranging from individual flowers to whole flowering patches (Thomson 1981; Feinsinger 1987; Rathcke and Jules 1993; Murcia 1996). Therefore, the absence of some flower visitors from small habitat fragments might simply be a direct consequence of the low absolute abundance of floral resources available there. Independent of fragmentation, many studies have reported changes in diversity, abundance, and composition of flower visitors related to flower density and patch size (e.g., Silander 1978; Thomson 1981; Schmitt 1983; Kwak 1987; Sih and Baltus 1987; Schmitt et al. 1987; Sowig 1989; Klinkhamer and de Jong 1990; Widén and Widén 1990; Kunin 1992, 1993, 1997; Conner and Neumeier 1995). Thus, some changes in pollinator faunas with fragmentation may result directly from behavioral responses to changed patch size or plant isolation, rather than to demographic stochasticity or, more generally, metapopulation dynamics. It follows that fragmentation may have especially strong effects on the occurrence of oligolectic flower-visitors (those insects depending exclusively on one or a few plant taxa for pollen food), who are likely to perceive their food availability decreasing more steeply than are generalist, opportunistic flower-visitors (Kunin 1993). Nevertheless, insects that are generalist nectar-feeders as adults may also be restricted by scarcities of food sources for specialized larvae, as in the case of many Lepidoptera. The arguments above may seem to imply that habitat fragments are immersed within a lifeless matrix. On the contrary, the matrix surrounding habitat fragments may provide an insect species pool that may greatly influence the composition of the fragments’ pollinator assemblages (Janzen 1983; Murcia 1996). For example, in the small fragments of “chaco serrano” we studied (Aizen and Feinsinger 1994a), the frequency of exotic Africanized honeybees relative to native insect pollinators converged on that in the surrounding agricultural matrix. The capacity of an insect species to thrive in the altered matrix and persist in, or invade, native habitats may relate to life-history traits. Africanized honeybees, whose invasion abilities continent-wide are phenomenal, nest under a great variety of conditions, exploit an astoundingly wide variety of flowers, and can exploit food sources >10 km away from the colony (Michener 1973, 1975; Taylor 1977; Roubik 1989, 1991; Smith 1991; Huryn 1995). Exploitative competition between exotic and native flower visitors may exacerbate fragmentation-related declines in the latter, particularly if exotic F. Kröner, Heidelberg
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or ruderal flower visitors recruit differentially to habitat fragments. Even native vertebrate pollinators may suffer. In Australia, exotic honeybees heavily exploit nectar and pollen from flowers normally visited by honeyeaters (Ramsey 1988; Paton 1993; Vaughton 1996). Generally speaking, native pollinator assemblages in tropical and subtropical environments may be nearer the limits of their nectar and pollen food resources than are assemblages in high-altitude or -latitude environments (e.g., Arroyo et al. 1985), making the former particularly sensitive to resource usurpation by invading species. Studies designed to investigate whether honeybees actually reduce population levels of native flower-visitors give mixed results (Roubik 1978, 1980, 1983, 1988, 1991; Schaffer et al. 1979, 1983; Ginsberg 1983; Roubik et al. 1986; Markwell et al. 1993). Clearly, though, high numbers of honeybees in habitat fragments depress the levels of nectar and pollen potentially available to native flower visitors, thus reducing the maximum numbers of native flowervisitors a fragment could sustain. Roubik (1992) cites resource preemption by dominant bee species to explain the shifting nature, in space and time, of bee flower-visitor assemblages in Neotropical forests. We propose, however, that exploitative competition by honeybees or other weedy species luxuriating in altered habitats might have the opposite effect leading to the patterning of flower-visitor assemblages, when forests are fragmented.



6.4 Scale Considerations Some landscape-level patterns in assemblages of flower visitors may be the cumulative result of processes operating at the level of populations and mechanisms operating at the level of individuals (Feinsinger 1976; Frankie et al. 1983; Bronstein 1995). Ideally, for conservation purposes we should be able to identify the key scale responsible for broad patterns of “habitat fragmentation effects”. How much of the fragmentation-related change in pollinator faunas is due to small-scale and how much to landscape-level factors? If small-scale phenomena are most important, then conservation efforts should focus on management of individual habitat fragments and their immediate matrix, whereas if regional factors play the leading role then entire landscapes should be targeted (Pulliam 1988; Fahrig and Merriam 1994). Obviously, the response of insect pollinator faunas to landscape alteration results from interplay between landscape- and local-scale phenomena (Murcia 1996; cf. Forman 1995), and any conservation efforts must embrace both scales. We emphasize, though, that the smaller scale should not be neglected. For instance, Herrera (1995) reported that pollinator assemblages differed greatly between neighboring lavender shrubs growing a few meters apart and attributed this to differences in plant micro-environments, rather than intrinsic plant features. Herrera (1995) proposed that the change in species compoF. Kröner, Heidelberg



Ecological Studies Vol 162, page proofs as of August 26, 2002 118



M.A. Aizne and P. Feinsinger



sition was the cumulative result of specific thermal requirements of different insect species (i.e., shade- vs. sun-loving species). In the “chaco serrano” of Argentina, we observed that neighboring trees of the same species often supported quite different assemblages of flower visitors: for example, native insects prevailed in some trees while honeybees dominated numerically in their neighbors (Aizen and Feinsinger 1994a). In this case, the mechanism may have involved resource preemption by honeybees rather than differences in light environment.Another mechanism affecting the exact make-up of pollinator faunas may be small-scale disturbance. As Fig. 6.2 shows, some relatively undisturbed sites occurring under different forest types >20 km apart in south temperate Argentina (e.g., sites 1 and 2) had similar proportions of native and exotic bumblebees, while other sites quite near to one another (e.g., 2 and 5, 3 and 6, which were respectively 700 and 300 m apart), but with different grades of intervention presented contrasting proportions. Neither fragments nor matrix should be viewed as internally homogeneous habitats. Micro-environmental conditions and the extent of floral resource usurpation by matrix-dwelling flower visitors undoubtedly change from borders to the interior of habitat fragments and from fragment borders outwards into the matrix as well. For example, in forest ecosystems fragmentation might induce changes in pollinator assemblages simply by exposing a large fraction of the vegetation to insolated edges (Murcia 1993, 1995, 1996). Thus, changes in the composition of pollinator assemblages may reflect “edge effects” rather than simply “habitat fragmentation effects”. To our knowledge, no study has examined edge effects on insect pollinator assemblages (Murcia 1993, 1995, 1996; cf. Didham et al. 1996). Central to scale considerations is the question of how different sorts of flower visitors perceive their “world”. In general, vertebrate pollinators assess their foraging options at a broader spatial scale than invertebrates. However, tremendous variation exists in foraging ranges within any pollinator group (e.g., Feinsinger 1976; Herrera 1987). According to Bronstein (1995), generalist pollinators, which have a larger availability of food items locally, appear to make their foraging decisions at smaller scales than more specialized ones, which have to track the phenology of preferred food items usually scattered over much larger spatial scales. Extreme examples of large-scale landscape perception are provided by migratory butterflies, hummingbirds, and bats that can move over distances of even several thousands of kilometers following nectar corridors formed by regional gradients in flowering times (e.g., Fleming 1992). Recent behavioral studies in honeybees demonstrate that pollinators may forage with some cognitive spatial picture of the distribution of their flower resources (reviewed in Menzel et al. 1997). Social bees, in particular, are central-place foragers (i.e., a foraging flight always starts and ends at the nest) whose capacity to locate, memorize, and relate close and distant “landmarks” apparently influences greatly the spatial scale of their foraging. We know little F. Kröner, Heidelberg
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to nothing, however, about the cognitive capacities and, more basically, the foraging flight ranges of the myriad solitary bees that represent the most important component of pollinator diversity in many biomes (Kearns and Inouye 1997).



6.5 Pollination and Habitat Fragmentation If composition, abundance, and foraging behavior of insect flower-visitors change with habitat fragmentation, then sexual reproduction of the plants involved may change as well (Murcia 1993, 1996; Rathcke and Jules 1993; Bond 1994; Kearns and Inouye 1997). For example, changes in pollinator abundance and behavior may affect the number of pollen grains deposited on flower stigmas. Pollen deposition may decrease so much as to diminish the number of seeds produced (Bierzychudek 1981; Burd 1994) or even impair seedling vigor (Mulcahy 1979; Lee 1984; Marshall and Folsom 1991; Walsh and Charlesworth 1992). Likewise, changes in species composition of pollinator assemblages may affect pollen deposition if efficient pollinators are replaced by sloppy ones (e.g., Ramsey 1988; Keys et al. 1995; Vaughton 1996). In dioecious plant species (with separate female and male individuals), by chance a fragment may end up with many more of one sex than the other producing a dramatic change in pollen deposition patterns independent of any changes in the animal pollinators themselves (House 1992, 1993; Cunningham1995). Changes in pollen deposition and seed output associated with shifts in pollinator abundance or identity have been reported for habitat islands (Jennersten 1988; Lamont et al. 1993; Aizen and Feinsinger 1994b) and for true islands (Linhart and Feinsinger 1980; Spears 1987; Ågren 1996). In addition, as populations become smaller and sparser, pollination may be impaired due to increasing pollen losses to interspecific flowers (e.g., Feinsinger et al. 1991; Kunin 1993), or to interference associated with increased foreign pollen deposition (e.g., Waser and Fugate 1986; Murphy and Aarsen 1995; McLernon et al. 1996). Not only quantity, but also quality of pollen may shift with habitat fragmentation. Where plant populations had been genetically structured prefragmentation (Loveless and Hamrick 1984), restricted pollen flow among a small number of related individuals now trapped in habitat fragments will increase the deposition of inbred pollen and decrease deposition of true outcross pollen (Levin and Kerster 1974; Coles and Fowler 1976; Handel 1983; Levin 1984, 1989; Sobrevila 1988; Hall et al. 1996; Murcia 1996; Young et al. 1996). Self-pollination may also increase if pollinators restrict most flights to plants within fragments, resulting in a higher frequency of revisits. Over time, plants in fragmented populations may suffer reduced fitness as a result of increasing genetic load (Menges 1991; Heschel and Paige 1995). Negative consequences of inbreeding may be expressed prezygotically as an increased proF. Kröner, Heidelberg
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portion of pollen tubes aborted, or postzygotically as increased frequency of seed abortion, impaired seed germination, increased seedling mortality, or decreased adult performance (Ledig 1986; Waser and Price 1991; Barrett and Harder 1996). Pollination quality may also change if habitat fragmentation results in replacement of foragers that move frequently among plants by restricted-area foragers such as honeybees (e.g., Kwak 1987). Although a honeybee colony as a whole exploits resources over a wide area, once recruited to a given source individual honeybee foragers tend to concentrate their foraging within a single flowering patch, the crown of a single shrub or tree, or even a restricted area within that crown (Visscher and Seeley 1982; Seeley 1985, 1989; Roubik 1989, 1992). In contrast, diverse taxa of native insects display a diversity of persistence times at a given plant and of flight distances between consecutive flowers or plants visited, in turn diversifying pollen flow distances (Herrera 1987). Thus, in general terms replacement of a diverse pollinator assemblage by honeybees or other area-restricted foragers might lead not only to increased deposition of self pollen, but also to a decreased diversity of parental genotypes represented in stigmatic pollen loads. To our knowledge, no studies have directly assessed the consequences of turnover in pollinator assemblages to genetic constitution of seeds or to seed and seedling performance. Monitoring insect visits to two polyphilic, selfincompatible tree species in the “chaco serrano”, Prosopis nigra and Cercidium australe, we found that the decreased number of visits made by native insects in small fragments (accompanied by a decrease in the number of flower-visiting taxa) was fully compensated by increased numbers of visits by Africanized honeybees. Consequently, the quantity of pollen deposited on either species’ stigmas did not change, but apparently the quality did, as rates of pollen tube abortion increased with decreasing fragment size (Aizen and Feinsinger 1994b). So far, we have stressed the negative effects of fragmentation on plant pollination and sexual reproduction. Sensitivity of plant reproduction to habitat fragmentation, though, undoubtedly varies greatly among species with different traits (Murcia 1993, 1996). These traits include breeding system (e.g., autogamous vs. self-incompatible or dioecious), degree of specialization relative to pollinator taxa (e.g., generalized vs. dependent on a single pollinator taxon), the identity of the pollinator taxa involved (e.g., social hymenoptera vs. fragmentation-sensitive bats or pesticide-sensitive hawkmoths), average abundance of the plant species (e.g., locally dense vs. very dispersed), life form (e.g., trees vs. annual herbs), and life history (e.g., semelparous vs. iteroparous). Nevertheless, the power of these traits to predict differential responses to habitat fragmentation has not yet been evaluated empirically. Case studies of single plant species are always valuable. Still, to evaluate effects of habitat fragmentation on ecosystem functioning via pollination, responses must also be assessed across whole plant assemblages. F. Kröner, Heidelberg
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To our knowledge, only one published study has evaluated the impact of forest fragmentation across several representatives from the plant species assemblage. Overall, most of the 16 plant species we studied in the Argentina “chaco serrano” (Aizen and Feinsinger 1994b) responded negatively to habitat fragmentation. Nevertheless, most changes in pollination and seed output between continuous forest and forest fragments were of low to moderate magnitude. With few exceptions, the effects of fragmentation at the pollination stage did not translate simply and directly into effects on fruit and seed production. These minor to moderate effects of forest fragmentation on plant reproduction contrasted greatly with the pronounced effects of fragmentation on the animal pollinator assemblage itself. Perhaps it should not be surprising that pollination responses fail to reflect precisely pollinator responses to habitat fragmentation. Only a very few plant species engage in tight relationships with particular pollinators. Recent reviews on the evolution of plant-pollinator mutualisms stress the diffuse nature of most relationships (Feinsinger 1983; Jordano 1987; Herrera 1996; Waser et al. 1996; Kearns et al. 1998). The “chaco serrano” study (Aizen and Feinsinger 1994b) suggests that plant reproduction, at least in the proximate
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Site Fig. 6.3. Relative number of fruits set by the “hummingbird-type” flowers (Faegri and van der Pijl 1979) of Embothrium coccineum planted along streets of downtown San Carlos de Bariloche, Argentina (41°8¢S, 71°19¢W), and in two naturally occurring populations 5 km (Cerro Otto) and 40 km (Puerto Blest) west of the city. Fruit set (fruits produced per flower) of open-pollinated flowers was estimated from 3840 (n=10 trees), 605 (n=8), and 945 flowers (n=6) for the three respective populations. The overall difference in fruit set among populations was significant (c2=63.4, df=2, P
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sense, may be quite resilient in the face of considerable change in the pollinator assemblage. Likewise, numerous plant species continue to produce seeds when transplanted to urban settings, even half a world away from their original geographical range or when their presumed legitimate pollinators are “lost” (see references in Waser et al. 1996). For instance, the senior author found that self-incompatible Embothrium coccineum, a treelet with red showy flowers native to the south Andean temperate forest, still sets fruit in the streets of downtown San Carlos de Bariloche (a city of 80,000 inhabitants), where honeybees are the only visitors; although fruit set was higher in two natural populations 5 and 30 km distant, where hummingbirds and native insects are the pollinators (Fig. 6.3). Nevertheless, even though proximate effects of fragmentation appear to be less severe on plants than on pollinators, long-term effects may be quite severe. Furthermore, fragmentation apparently leads to simplification of plant-pollinator interactions, increasing the susceptibility of these relationships to further disruption (Waser et al. 1996).



6.6 Concluding Remarks and Research Needs Throughout this review we have noted fundamental questions that merit further investigation, or investigation period. True, those few studies that exist suggest that habitat fragmentation strongly affects insect pollinator faunas. The mechanisms and processes behind those changes, however, are still largely unexplored. Do those mechanisms and processes operate at the local level, at the regional level, or both? Small-scale factors are apt to depend on distance from borders more than simply on fragment size; consequently, is much of the “fragmentation effect” really edge effect instead? Few of the many studies on edge effects have focused on insects and the ecological interactions in which they participate (Lovejoy et al. 1986; Murcia 1995; Didham et al. 1996). Speaking specifically of the plant-pollinator mutualism, how might different types of matrix affect events within fragments? The contrasting results of the two different studies on euglossine bees near Manaus, Brazil suggests that a matrix of second-growth vegetation may ameliorate the negative consequences of fragmentation, but obviously better controlled studies in a great variety of sites are needed. Furthermore, we need information not only on how the matrix influences events within fragments, but also on how the fragment of original habitat influences events within the matrix. The latter theme is especially intriguing when the matrix supports an animal-pollinated crop. Seed production in many such crops is chronically pollinator-limited. Nearby chunks even of highly altered “wild” habitat may serve as sources of pollinators capable of increasing crop seed or fruit yields (Kevan 1975; Buchmann and Nabhan 1996; Kearns and Inouye 1997; Kearns et al. 1998). F. Kröner, Heidelberg
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Likewise, we need many more studies, in a great diversity of habitats, on responses to fragmentation of flower pollination and seed output. We suggest that high-resolution studies of single plant species (which, after all, represent an n of only 1 at the level of the question) should be complemented by studies of lower resolution, but broader scope, surveying an array of different species drawn from a given plant assemblage. Several recent studies have examined the genetic consequences of fragmentation to plant populations (reviewed by Young et al. 1996). Nevertheless, we do not know how much genetic change has been driven by changes in pollinator assemblages and how much by the fragment’s physical restriction on pollen flow. Furthermore, few data exist concerning effects on seed quality itself. Future studies might integrate effects of fragmentation on pollination, seed output, and the performance and demography of the seed progeny. Considering the interaction between plants and insect pollinators, shortterm conservation tactics might emphasize maintaining pollinator diversity (cf. Buchmann and Nabhan 1996) by recognizing and manipulating the processes that might decrease that diversity. From the plant perspective, though, in the short term pollination concerns may be less serious than problems associated with other life history stages (Aizen and Feinsinger 1994b). For example, plant populations in fragments may experience drastic changes in seedling recruitment due to overgrazing, soil compaction, and trampling. Only in those cases where so few plant individuals, of an obligately outcrossing species, exist that pollination and fertilization rates are severely reduced, will fragmentation’s effects on pollination alone lead to a demographic bottleneck. In the long term, though, fragmentation’s effects on pollination may impinge upon the survival of plant taxa and thereby entire assemblages, if erosion of genetic variation compromises plant species’ survival. Whether the simplification of pollinator assemblages in fragmented landscapes truly erodes the potential for evolutionary change in plants is an open question.
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