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Abstract Habitat fragmentation affects a wide vari-

ety of biological variables including species’ abun-

dance and richness (population demography),

phenology, male and female reproductive fitness,

and it also affects the degree of specialization versus

generalization of pollination networks. Evidence is

accumulating that suggests that habitat fragmentation

can have significant impacts on plant–pollinator

interactions. In this article, we review the literature

on habitat fragmentation effects on plants, pollinators,

and the pollination network. We also discuss pollina-

tion network mechanisms that may be affected by

habitat fragmentation. Habitat fragmentation isolates

populations and affects ecological properties at both

population and community levels. Evidence shows

that habitat size and connectivity directly or indirectly

influence the abundance of both plant and pollinator

species. In general, plant and pollinator diversity and

population size decrease with the decreasing size and

habitat connectivity. Habitat fragmentation of plant

communities can shift plant phenological patterns,

contract flowering periods and increase the risk of

local pollinator extirpation. Fragmentation has the

potential to influence pollination dynamics by altering

pollinator or plant densities and by altering pollinator

behavior. However, evidence for the impact of habitat

fragmentation on plant species’ flowering phenology

is relatively limited, and little is known about the

effect of habitat fragmentation on the phenology of

pollinators. Habitat fragmentation also leads to

reduced reproduction in many species. In contrast,

other species showed neutral or positive responses to

habitat fragmentation in female reproductive fitness,

especially in plants regularly affected by pollen

limitation and pollination limitation which lead to

plants’ experience selection for increased autogamy in

isolated habitats. Habitat fragmentation often leads to

the extirpation of specialist species and results in an

influx of generalists. However, studies have shown

that pollinators tend to be more generalized as habitat

fragmentation increases. The reason is that habitat

fragmentation changes the composition of the flora,

and scatters floral resources, so any remaining polli-

nators may need to behave as generalists in order to

survive. However, the knowledge of potential
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ecological consequences of habitat fragmentation is

limited, especially regarding the effects on a long-term

scale and at landscape scales. We propose experiments

involving long-term monitoring, permanent samples

of flowering plants, pollinators, and their interactions

at large spatial and temporal scales.

Keywords Habitat fragmentation � Pollination

interaction � Biodiversity � Phenology � Reproductive

fitness � Specialization and generalization �
Asymmetry

Introduction

A growing body of evidence demonstrates that habitat

fragmentation (Bailey et al. 2010; Fahrig 2003) is one

of the leading factors affecting biodiversity, causing

the retraction of ecosystem functions and services

(Cagnolo et al. 2009; Gonzalez et al. 2011; Sala et al.

2000; Valladares et al. 2012). Studies have shown that

both species’ diversities and community compositions

of plants and pollinators are negatively impacted by

habitat fragmentation (Abramson et al. 2011; Aizen

and Feinsinger 1994; Bailey et al. 2010; Fahrig 2003;

Watling and Donnelly 2006). As a result, habitat

fragmentation is one of the leading causes of species

endangerment (Haddad et al. 2015) which is evident

through changes in species’ abundance and richness

(Winfree 2010), changes in pollinator assemblages

(Rands and Whitney 2011), pollen limitation (Thomp-

son et al. 2010); and shifts of pollinator guilds

(Johnson 2010), which often accompany species’

disappearance, result in the extinction of ecological

interactions (Valiente-Banuet et al. 2015). As plant

species may represent valuable food resources for

their pollinators, and the pollinators are helpful for

their pollen output and fruiting whether the plants are

self-incompatible or self-compatible (Aguilar et al.

2006), the changes in species’ abundance and richness

of pants and pollinators resulting from habitat frag-

mentation would change the resource availability of

the mutualistic partners, and then may disrupt plant–

pollinator interactions.

Studies have shown that biotic interactions, such as

plant–pollinator, plant–herbivore, and intraspecific

interactions, may have important effects on population

dynamics and ecosystem functions (Klein et al. 2007;

Lienert and Fischer 2003; Olesen and Jain 1994;

Steffan-Dewenter and Westphal 2008). Human-driven

habitat fragmentation has been demonstrated to impact

plant and pollinator population dynamics (Fahrig

2003; Gilgert and Vaughan 2011; Keeling et al.

1996; Myneni et al. 1997; Tscharntke and Brandl

2004). In the last decade, ecologists have been

increasingly interested in studying the habitat frag-

mentation’s impact on diversity and population

dynamics of plants and pollinators (Honnay et al.

2005; Martén-Rodrı́guez et al. 2011; Sabatino et al.

2010; Sletvold et al. 2010; Smith et al. 2009). Plant

species and plant–animal interactions respond to

fragmentation in diverse ways (Brudvig et al. 2015).

Plant–pollinator interactions may be more resistant to

negative effects of fragmentation (Ferreira et al. 2013).

However, knowledge on the effect of habitat fragmen-

tation on pollination interactions is still scarce (Araújo

et al. 2011; Ashworth et al. 2004; Brudvig et al. 2015).

To identify the possible effects of habitat fragmen-

tation on plant–pollinator interactions, we review

evidence of altered community composition, pollen

limitation, pollination systems in plants, and assem-

blage and abundance of pollinators as responses to

habitat fragmentation. We outline how these changes

may impact plant–pollinator interactions, including

their effects on plant–pollinator specialization and

generalization, and explain the reasons. We also

address the potential consequences of these changes

for plant–pollinator interactions. Finally, we present

and discuss ideas for future relevant research.

How does habitat fragmentation affect plants

and pollinators?

Habitat fragmentation isolates populations and affects

many ecological properties at the organismal, popu-

lation, and community levels (Aguilar and Galetto

2004; Rathcke and Jules 1993), including population

dynamics (Winfree 2010), pollination systems, and the

reproductive success of individual organisms (Fig. 1).

Abundance and richness of plant and pollinator

Species’ responses to habitat fragmentation may be

complex and difficult to test and demonstrate (Andrieu

et al. 2009; Gonzalez et al. 2011). Empirical studies

demonstrate that habitat size and connectivity have
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directly or indirectly influenced the abundance of both

plant and pollinator species (Aguirre and Dirzo 2008;

Fahrig 2003; Tscharntke and Brandl 2004). In general,

plant diversity and population size have been shown to

decrease with the decreasing habitat size and connec-

tivity (Forchhammer et al. 1998; Menz et al. 2011;

Tscharntke and Brandl 2004; Wagenius et al. 2007),

although not all species are likely to be equally

affected by habitat fragmentation (Cagnolo et al.

2009). For instance, a decrease in habitat size has been

shown to have a more pronounced impact on the

richness of rare plant species in Manaus (Hoffman and

Parsons 1997). Isolation and the edge-to-center ratio

(the ratio of the deflection at the edge of the opening to

that at the center) of habitats have also been shown to

affect abundance and density of Primula farinose in

north-east Switzerland (Lienert and Fischer 2003).

Habitat fragmentation can have varying degrees of

impact on pollinators. In larger habitats adjacent to

agricultural areas, pollinators have been shown to have

higher species’ richness (Jauker et al. 2009), while in

smaller habitat areas, insect pollinator diversity has

been shown to decrease (Gaston 2000). For example,

Bradley et al. (1999) found that species’ richness of

native pollinators of Prosopis nigra (Mimosoideae)

and Cercidium australe (Caesalpinoideae) declined

with the decreasing fragment size, but the frequency of

honey bee visits tended to increase in complementary

fashion, and the total visit frequency of these species

was not affected. However, Huin and Sparks (2000)

did not find significant species–area relationships for

bees and wasps sampled by pitfall traps and vacuums

in 40 urban habitat fragments in California, USA.

Species diversity indices, and capture rates of hum-

mingbirds in South Costa Rica, increased asymptot-

ically with patch size (Woodward 1987). Contrarily,

species’ richness of Verticordia fimbrilepis (Myr-

taceae) pollinators varied across habitat size. The

Fig. 1 Illustration of how habitat fragmentation may affect

community compositions [including phenology, richness, and

abundance of plants (left) and pollinators (right)] and thereby

impact population dynamics. The lower panels show key factors

affecting demography, plant–pollinator interactions, and the plant

and pollinator partners. Adapted from Hegland et al. (2009)
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highest densities were found on linear road-verge

populations, and the highest mean visitation rates were

detected in the smallest populations (Heard et al. 2007;

Yates and Ladd 2005).

To summarize, evidence shows that habitat size and

connectivity directly or indirectly influence the abun-

dance of both plant and pollinator species. In general,

plant and pollinator diversity and population size

decrease with the decreasing size and habitat

connectivity.

Phenology

Fragmentation of plant communities increases the

proportion of edges, leading to changes in microcli-

mate including changes in light, temperature, and

luminosity conditions, which can lead to shifts in plant

phenological patterns (Camargo et al. 2011). Habitat

fragmentation may contract flowering periods and

increase the risk of local pollinator extirpation (Hagen

et al. 2012). Evidence for the impact of habitat

fragmentation on plant species’ flowering phenology

is relatively limited. Ison and Wagenius (2014) found

that Echinacea angustifolia (Asteraceae) plants that

were closest to the habitat center have significantly

longer flowering periods than plants located at or near

the habitat edge. Fragmentation significantly delayed

the date of onset of flowering and the peak flowering

date of E. angustifolia (Asteraceae) and also increased

the duration of flowering in western Minnesota (Ison

and Wagenius 2014). Reproductive phenology inver-

sely correlated with habitat fragment size in Syagrus

romanzoffiana (Palmae) (Freire et al. 2013; Genini

et al. 2009). Flowering duration of S. romanzoffiana

was longer in small forest fragments than in large

fragments (Freire et al. 2013). Herrerı́as-Diego et al.

(2006) found that the tropical tree, Ceiba aesculifolia

(Bombacaceae), displayed an earlier date of flowering

onset, and an earlier date of peak flowering in

undisturbed habitat compared to disturbed habitat.

Flower morphology has been found to vary between

fragmented and unfragmented habitats. Individuals of

Crepis sancta (L.) Bornm. (Asteraceae) have more

numerous, but smaller capitula, in urban fragments

than those in large continuous habitat in southern

France (Andrieu et al. 2009). Studies have shown that

isolated trees of the tropical tree species, Pachira

quinata (Bombacaceae), tended to produce more

flowers than trees from continuous populations,

although their flowering durations and the mean peak

flowering dates were similar (Fuchs et al. 2003).

However, in New South Wales, Australia, Senna

artemisioides (Fabaceae) produced more flowers in

linear strips than individuals in reserves, although this

was not a statistically significant effect, suggesting

that the fragmentation did not substantially affect

flower production (Cunningham 2000b).

Theoretically, we expect that habitat fragmentation

has an impact on the phenology of plants. Pollinators can

be affected by habitat fragmentation either directly

through changes in their population structure and

distribution or indirectly, due to population variations

in the local composition and/or distribution of plants

(Cagnolo et al. 2009; Potts et al. 2006). Such changes in

composition and distribution may alter phenology of

nectar and/or pollen resources, impacting the assem-

blage of pollinators and influencing their behavior and

flight patterns (Fahrig 2003; Gaston 2000). Evidence

suggests that fragmentation has the potential to influ-

ence pollination dynamics by altering pollinator or plant

densities and by altering pollinator behavior (Hadley

and Betts 2012). Pollinators have been found to be

influenced by both patch size and distance between

patches, visiting large patches more frequently than

small patches. Variations in flower number and plant

phenology may impact pollinators, because food avail-

ability is one of the most important factors influencing

activities of many pollinator species (Hegland et al.

2009). Unfortunately, little is known about the effect of

habitat fragmentation on the phenology of pollinators.

Although habitat fragmentation may result in

phenological shifts of both plants and their pollinators,

the responses would vary in degree to the changing

environmental factors, which may result in the change

of the phenological match between plants and polli-

nators. In addition, the phenological mismatch

between them may result in flower resource shortage,

efficient pollen resource reduction obtained by polli-

nators, and thus decreases in the pollinator population

scale. Also, due to the lack of proper pollinators, plants

pollinate unsuccessfully, and the individuals from

sexual reproduction decrease sharply, which would

result in the decline of plant population.

In summary, habitat fragmentation can shift plant

phenological patterns, shorten flowering periods, and

affect pollinators directly or indirectly. However, little

is known about the effect of habitat fragmentation on

the phenology of pollinators, as well as plants.
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Plant male and female reproductive fitness

Studies have assessed the potential impacts of habitat

fragmentation on reproductive fitness and have

revealed diverse responses depending on the species

studied (Aguilar and Galetto 2004; Brennan et al.

2009; Neiman et al. 2009). Many species experienced

reduced reproduction (Aguilar et al. 2006; Cooley and

Willis 2009; Cunningham 2000a; Fenster et al. 2009;

Neiman et al. 2009; Wagenius et al. 2007), whereas

other species showed neutral (Murcia 1996) or posi-

tive changes in female reproductive fitness in response

to habitat fragmentation (Cunningham 2000a). Ani-

mal pollinated plants, in particular, can be influenced

by habitat fragmentation directly or indirectly (Muir

and Moyle 2009; Scoville et al. 2009; Streisfeld and

Rausher 2009). Moreover, small populations have

shown increased interplant variability in reproductive

variables (Jacquemyn et al. 2002; Oostermeijer et al.

1998). Thus, the degree of variability of plant repro-

ductive traits leads to uncertainty with regard to

successful reproduction in reduced plant populations

(Aguilar and Galetto 2004; Oostermeijer et al. 1998).

The reduction in plant population size is likely to

affect total reproductive output (Aguilar and Galetto

2004; Jacquemyn et al. 2002; Riba et al. 2009). Habitat

fragmentation impacts the mating patterns of P.

quinata, reducing the number of outcross sires repre-

sented in the progeny of isolated trees (Fuchs et al.

2003). However, habitat fragmentation does not

negatively affect the reproductive fitness of C.

aesculifolia, because the highly mobile bat pollinators

maintain reproductive connectivity between trees in

both continuous and fragmented habitats (Herrerı́as-

Diego et al. 2006). In the long-term, resource-limita-

tions and changes in plant–pollinator interactions are

possible mechanisms of substantial decreases in the

quantity and quality of seeds produced (Ashworth

et al. 2004; Diez et al. 2013; Fenster et al. 2009;

Gaston 2000).

Pollen production or pollen probability of being

delivered to a female part of the flower refers to the

male fitness. In general, habitat fragmentation results

in the decrease of plant population size (Menz et al.

2011; Tscharntke and Brandl 2004; Wagenius et al.

2007) and shifts in plant phenological patterns

(Camargo et al. 2011), and hence, the pollen resource

would decrease. Due to the combination of the

negative effects on the assemblage of pollinators and

their behavior (Fahrig 2003; Gaston 2000; Wilcock

and Neiland 2002), which will lead to the limited

quantity or quality of pollen availability on stigmas,

the male fitness would decrease.

Pollen limitation and pollination limitation (insuf-

ficient pollen transfer by vectors (Moody-Weis and

Heywood 2001)) are important effects of habitat

fragmentation on plant female reproductive fitness due

to the loss of pollinators and/or reduction in pollinator

activities (Moody-Weis and Heywood 2001). Both the

quantity and quality of pollen received by stigmas can

affect seed output (Pender et al. 2014). In animal-

pollinated plants, reductions in pollinator activity and

spatial restrictions on their foraging result in decreased

numbers of ovules fertilized and decreased seed set,

either because of declines in the quantity of received

pollen grains on stigmas (Feinsinger et al. 1991) or

because of increases in the relative amount of low-

quality pollen (Waser and Price 1991).

Isolated habitats may select for increased autogamy

in plants (Johnston and Schoen 1996; Olesen and Jain

1994). Self-pollination may decrease a plant’s sensi-

tivity to pollinator deficit in terms of seed set, but not

necessarily for inbreeding depression (Schemske et al.

2009). When habitat fragmentation occurs, both self-

compatible (SC) and self-incompatible (SI) plants

experience pollen limitation, although SI plants expe-

rience more acute pollen limitation (Wagenius et al.

2007). In Cestrum parqui, a self-incompatible, polli-

nation-specialist plant species, habitat fragmentation

strongly and negatively affected the amount of pollen

grains on stigmas and decreased the seed set (Aguilar

and Galetto 2004).

In brief, habitat fragmentation leads to reduced

reproduction in many species. In contrast, some other

species showed neutral or positive responses to habitat

fragmentation in female reproductive fitness, especially

in plants which were often affected by pollen limitation

and pollination limitation due to their possible selection

for increased autogamy in isolated habitats.

How does habitat destruction affect specialization

and generalization of plant–pollinator networks?

In symmetric plant–pollinator interaction networks,

generalist plants (PG) are pollinated by many different

generalist pollinators (G) (Fig. 2a), while specialist

plants (PS) are pollinated by one or a few taxa of
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specialist pollinators (S) (Ashworth et al. 2004)

(Fig. 2b, c). In asymmetric plant–pollinator interac-

tion networks, specialist plants are pollinated by one

or few generalist pollinators, or one specialist polli-

nators and few generalist pollinators (Fig. 2d, f), while

generalist plants are pollinated by a broad range of

animals involving not only specialists but also gener-

alists (Abramson et al. 2011; Bascompte et al. 2006;

Saavedra et al. 2008; Vázquez and Aizen 2003)

(Fig. 2g, h). Plant–pollinator interactions can be

disrupted due to changes in availability of mutualistic

partners (Hegland et al. 2009). Plant–pollinator inter-

action networks are strongly dependent upon niche–

width demands of both specialists and generalists,

including plants and pollinators (Rathcke and Jules

1993; Taki and Kevan 2007). Plants with pollination

specialization will be more vulnerable to pollination

mutualism disruption resulting from habitat fragmen-

tation, as they cannot compensate for the loss of their

few specific mutualist partners with other alternative

pollinators (Bond 1994; Fenster and Dudash 2001).

Therefore, plants could face risk of extinction under

habitat fragmentation due to the loss of most or all of

their specialist pollinators. Consequently, it is likely

that plant and pollinator communities become more

generalized with habitat fragmentation increasing

(Fig. 2). However, while studies have shown that

pollinators tend to be more generalized as habitat

fragmentation increases, this does not seem to be the

case for plants (Taki and Kevan 2007; Vázquez and
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Fig. 2 Schematic representation of effects of habitat fragmen-

tation on specialists and generalists in plant–pollinator interac-

tions. In natural systems, there are four pollinated

circumstances. (1) Generalist plants (PG) are pollinated by

many specialist (S) and generalist (G) pollinators, whereas

specialist plants (PS) are pollinated mostly by one or a few

generalist pollinators, so that they have similar reproductive

susceptibility to habitat fragmentation for specialist and

generalist plants. (2) Generalist plants (PG) are pollinated by

many specialist (S) pollinators, whereas specialist plants (PS)

are pollinated by one or a few specialist and a few generalist

pollinators; thus, the generalist plants will likely go extinct. (3)

Generalist plants (PG) are pollinated by many generalist

(S) pollinators, whereas specialist plants (PS) are pollinated by

one or a few specialist pollinators, and thus, the specialist plants

will likely go extinct. (4) Extreme specialist plants (PS) are

pollinated by only generalist pollinators (G), which plants could

survive; or by only one specialist pollinators (S), and thus, the

specialist plants will likely go extinct. Adapted from Ashworth

et al. (2004)
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Simberloff 2002). Many specialist plants persist in

fragmented habitat (Aizen et al. 2012) (Fig. 2d, f).

Habitat fragmentation often leads to the extirpation

of specialist species and results in an influx of

generalists (Matthews et al. 2014). Hence, the ratio

of specialist to generalist species is likely to decrease

with the increasing habitat area (Matthews et al. 2014)

because specialists are at greater risk of extinction due

to habitat loss. In plant–pollinator interaction net-

works, fragmentation can affect not only pollination,

but also interactions (Fenster et al. 2004; Olesen and

Jain 1994; Schemske et al. 2009). Compared to the

historic datasets, Burkle et al. (2013) found that only

24 % of the original plant–pollinator interactions are

still intact and only 46 % of forb–bee interactions are

intact in fragmented landscapes in Carlinville, Illinois,

USA. Their results are likely to indicate that plant–

pollinator interaction networks would tend to be

become more specialized under habitat fragmentation.

In reality, it is not like this, the bees that were

specialists, parasites, cavity-nesters, and/or those that

participated in weak historic interactions were more

likely to be extirpated, that indicates the more

generalization of the plant–pollinator interaction

under habit fragmentation and loss.

Empirical evidence and theory have shown that

specialists can be more sensitive to habitat fragmen-

tation than generalists (Kover et al. 2009) because

when facing the absence of a resource or the extinction

of a prey, generalists can switch to consume alterna-

tive items (Cagnolo et al. 2009). According to

‘‘specialization–disturbance’’ hypothesis, disturbance

usually affects specialists negatively, and benefits

generalists (Vázquez and Simberloff 2002). Thus

generalists are the least likely to suffer extinction in

simulations of habitat fragmentation (Fortuna and

Bascompte 2006; Gonzalez et al. 2011). Kitahara et al.

(2000) found that within lepidopteran communities in

central Japan, specialists increased with the decreasing

disturbance, while the generalists did not change

significantly. Taki and Kevan (2007) found that

pollinators but not the plants did tend to be more

generalized with the increasing habitat fragmentation

although the relationship is not linear in southern

Ontario, Canada. Soga and Koike (2013) found that

patch isolation only affected specialist species in

Tokyo, Japan. The ‘‘specialization–asymmetry–dis-

turbance’’ hypothesis (Vázquez and Simberloff 2002)

suggests that changes in abundance to a specialist

pollinator would only slightly impact a generalist or

specialist plant in asymmetric interactions, but greatly

affect specialist plant in symmetric interactions. Evans

(2013) found that grazing disturbance affected spe-

cialist species more than generalists. However, both of

these hypotheses cannot explain why specialists are

not more affected by disturbance than generalists in

asymmetric plant–pollinator interactions in Nahuel

Huapi National Park, Argentina (Vázquez and Sim-

berloff 2002).

In plant–pollinator interaction networks, pollina-

tors seem to be more sensitive and/or quicker to

respond to habitat fragmentation than plants (Gaston

2000; Taki and Kevan 2007). Habitat fragmentation is

more likely to have an effect on specialist pollinators

than on generalist pollinators (Ashworth et al. 2004;

Maherali et al. 2009; Taki and Kevan 2007). Because

specialist pollinators often exist in small, patchy

populations, small fragments are more likely to

exclude them, and adverse environmental conditions

would likely cause them to perish (Ashworth et al.

2004; Gaston 2000). Furthermore, habitat fragmenta-

tion will change the composition of the flora, and may

scatter floral resources, so any remaining pollinators

which cannot emigrate may need to behave as

generalists in order to survive (Ashworth et al. 2004;

Wise 2009).

In summary, habitat fragmentation often leads to

the extirpation of specialist species and results in an

influx of generalists. Moreover, the pollinators tend to

be more generalized with the increasing habitat

fragmentation. The reason is that habitat fragmenta-

tion changes the composition of the flora, and scatters

floral resources, so any remaining pollinators may

need to behave as generalists in order to survive.

Future research

In the last decade, due to the increasing interest in the

habitat fragmentation’s impact on plants and pollina-

tors, and their interactions, many related investiga-

tions were carried out (Kim et al. 2012; Martén-

Rodrı́guez et al. 2011; Melián and Bascompte 2002;

Sabatino et al. 2010; Smith et al. 2009). Empirical

studies have shown that fragmentation has large

negative direct and indirect influences on species’

richness, population’s abundance and distribution, and

genetic diversity (Fahrig 2003). However, most of
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these studies have focused on the combined effects of

fragmented habitat rather than those of habitat frag-

mentation per se (Bailey et al. 2010; Fahrig 2003).

Thus, future research needs to focus on both of the

direct and indirect influences and/or potential effects

of habitat fragmentation on pollination interactions.

The importance of such indirect effects in causing

pollination interaction variation between fragments

needs to be tested. Future studies should assess the

differences in effects of habitat fragmentation on

plants, pollinators, and plant–pollinator interactions

(Bailey et al. 2010; Fahrig 2003). In addition, little is

known about the patterns of change in most pollinator

assemblages (Parmesan 1996). Particularly, we know

much less about the potential influences of habitat

fragmentation on pollination interactions through

latitude and altitude gradients, or among different

landscape types, even community types, or biogeo-

graphic zones. Furthermore, studies that simultane-

ously track individuals in multiple sizes or stage

classes are exceedingly rare (Smith et al. 2009).

Long-term ecological research programs designed

to address the processes in pollination services and

pollination interactions are limited (Hegland et al.

2009), although such studies are needed and important

to address the ecological questions at the appropriate

temporal and spatial scale (Menzel 2006), and to better

understand the effects of environmental factors on

ecological processes (Schwartz et al. 2006). Most of

the prior experiments on the pollination interactions

have been conducted in short-term studies which are

insufficient to understand processes at the ecosystem

level in nature (Menzel 2006; Myneni et al. 1997) and

the actual interactions between plants and pollinators

(Petanidou et al. 2008). Furthermore, many long-term

research and monitoring programs are either ineffec-

tive or fail completely owing to poor planning and/or

lack of focus (Parmesan and Yohe 2003). Ideally, such

experiments should involve long-term monitoring,

permanent samples of flowering plants and pollina-

tors, and their interactions (Hegland et al. 2009) at

large spatial and temporal scales (Morris 2010),

because fragmentation alters the spatial and temporal

distributions of floral resources which impact pollina-

tor assemblage (Kremen et al. 2007) (Fig. 1).

For many major taxa and for pollination interac-

tions under habitat loss at the landscape scale, there is

a significant lack of relevant life history and ecology

data (Bailey et al. 2010; Bommarco et al. 2010;

Garibaldi et al. 2011). Although there is now a long

history of population-scale and community-scale

studies of pollination interactions (Fortuna and Bas-

compte 2006; Waser et al. 1996), population- and

community-scale ecology of pollination interaction

studies, however, need a large-scale perspective

because local patterns of pollination interaction are

impacted by regional settings (Schüepp et al. 2011).

Landscape change has been shown to be severely

detrimental for the persistence of many species, but

studies discerning the relative importance of direct and

indirect effects of different landscape change pro-

cesses are lacking, and long-term studies in this area

are particularly scarce (Valdés and Garcı́a 2011).

Future studies could focus on the long-term

processes and patterns of pollination interaction under

different types of natural or cultivated landscapes. It is

also important to identify what the differences are

between pollination interactions in fragmented habitat

versus pollination interactions in naturally/existing

‘‘patchy’’ habitats. Several studies have shown that

habitat fragmentation has similar effects on specialist

and generalist plants, but we have limited knowledge

about those effects at the landscape-scale, or how

fragmentation affects the asymmetry of pollination

interactions.

Conclusions

Habitat fragmentation has clear and important direct

and/or indirect effects on abundance, phenology, and

reproductive fitness of plants and pollinators, and on

pollination interactions. We do not fully understand

the relative importance of ecological factors impacting

abundance, phenology, and reproductive fitness of

plants and pollinators. Nevertheless, the current

knowledge of the potential ecological consequences

of habitat fragmentation is limited—especially regard-

ing their effects on a long-term scale and at landscape

scales. Although the effects of habitat fragmentation

on biodiversity and specialization have been docu-

mented at community scales, these effects on asym-

metry and spatial patterns of plant–pollinator

interactions have so far not been addressed thor-

oughly. Pollination ecologists are faced with huge

challenges if they would like to understand these

questions clearly in the future (Aizen et al. 2012). In

future research, experiments with long-term
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monitoring, permanent samples of flowering plants

and pollinators, and their interactions at large spatial

and temporal scales should be pursued. Much work yet

needs to be done. We believe that with this needed

information, pollination ecologists will have a better

understanding of how habitat fragmentation impacts

plant–pollinator interactions.
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