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Glossary

Bridging plants Plants utilized in habitat restorations to
provide resources for pollinators during resource-poor time
periods.
Ecosystem services A set of resources and processes
provided by ecosystems that contribute to human well-
being.
Food security The availability and access to sufficient, safe,
and nutritious food for a community or individual.
Framework plants Plants utilized in habitat restorations to
provide resources necessary for supporting large numbers
of pollinator species or individuals.
Phenology Plant and animal life cycle events that are often
periodic and usually influenced by seasonal variations in
climate.
mate Vulnerability, Volume 4 http://dx.doi.org/10.1016/B978-0-12-384703-4.0041
Pollination The process by which pollen is transferred
from anthers to stigma, initiating sexual reproduction and
formation of the fertilized fruit or seed.
Pollinator networks A visual display of plant–pollinator
interactions, usually based on visitation or pollen-load
data.
Pollinator network connectance The proportion of
plant–pollinator links observed in a network
(links/species).
Pollinator network nestedness Where specialists interact
with subsets of species with which generalists also interact,
creating a ‘nested’ structure.
Perhaps one of the most critical yet understudied factors
affecting the decline of global pollinator populations and
pollination services are alterations in local and regional climatic
conditions. In the past few decades, humans have significantly
altered climatic conditions due to the emissions of aerosols, and
of greenhouse gases, including CO2, and from land manage-
ment practices (NRC 2005) consequently impacting wild
species distributions and population dynamics across the world
(reviewed by IPCC 2001; Parmesan 2007; Parmesan and Yohe
2003). Because most pollinators are completely reliant on
plants for food resources, pollinator populations maybe both
indirectly affected by changes in the abundance, spatial distri-
bution, and timing of flowering in plant populations, and
directly affected by the climate of the regions in which they
occur. Thus, the discussion of climate impacts on pollination
services requires an analysis of both direct and indirect inter-
actions between climate, plants, pollinators, and the many
threats to plant and pollinator populations (Figure 1).

In this chapter, we review scientific literature surrounding
four key topics: (1) the ecological interactions related to
pollination services and vulnerability, (2) the ecosystem
services provided by native pollinators and their potential
alteration, (3) mitigation possibilities for improved pollina-
tion acquisition, and (4) the resulting policy implications
(Figure 1). Given the large scope of this topic, we focus on
insect pollinators, which are one of many pollinator groups
6-0 117
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Figure 1 Framework showing how climate influences plants and pollinators, and thus the availability and quality of ecosystem services. Part 1 of the
figure is adapted from Hegland, S. J., A. Nielsen, A. Lazaro, A. L. Bjerknes, and O. Totland, 2009: How does climate warming affect plant-pollinator
interactions? Ecol. Lett., 12, 184–195, and the remaining parts indicate the change in ecosystem services and role of management practices and policies
on pollination services, respectively. Dashed lines and arrows indicate areas not covered by this review.
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(e.g., birds, mammals), but are the most economically
important pollinator groups globally (Roubik 1995; Winfree
et al. 2011a). Because very little literature is available on the
direct impacts of climate on pathogens, chemical sprays, and
other threats to pollinators, we only speculate on these topics
and advise that greater research is required for an under-
standing of these factors. Because one of the objectives of this
review is to provide ecologically informed management
suggestions for improved pollination services, we focus on
native pollinators, which have the potential to provide sus-
tained pollination services. Compared to the services provided
by a single species of managed pollinator (e.g., the honey
bee), species-rich communities of wild pollinators can
provide redundancy in terms of pollinator services (Kremen
et al. 2004) and thus may provide services that are more stable
over time (Garibaldi et al. 2011) and in the face of environ-
mental change. However, we suggest that climate impacts on
managed pollinator communities are topics of great impor-
tance and require further study. Overall, by summarizing the
literature relevant to climate impacts on native pollinators, we
provide generalizable and ecologically informed management
suggestions for scientists and policy makers across commu-
nities and ecoregions.
4.11.1 Ecological Interactions

4.11.1.1 Pollination Services

Ecosystem services are the set of ecosystem functions that
contribute to human well-being and include provisioning,
supporting, regulating, and cultural services (Daily 1997; Mil-
lenium Ecosystem Assessment 2005). Pollination of plants by
animals is both a regulating and a supporting ecosystem
service. As a regulating service, it is essential for the reproduc-
tion of pollinator-dependent plants that supply humans with
foods, fiber, forage, biofuels, firewood, timber, and medicine.
The contributions of pollination services to human well-being
may be direct or indirect. Direct contributions include fruit
or seed production of pollinator-dependent food, fiber, bio-
fuel, and forage crops (e.g., alfalfa, apple, blueberry, canola,
cherry, cucumber, cotton, longan, macadamia, melon, rasp-
berry, squash, soy, and sunflower). Indirect contributions of
animal pollination include the reproduction of tree species
valued for timber (e.g., mahogany, White et al. 2002), sown
crops in which the vegetative parts are eaten, seed production
(e.g., lettuce, broccoli, carrot), vegetatively propagated crops
in which animal pollinators are required for breeding only
(e.g., potatoes, banana), and pollinator-dependent plants with
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medicinal properties [e.g., Catharanthus spp., which include the
famous Madagascar periwinkle (reviewed in Klein et al. 2007;
Miyajima 2004)]. As a supporting service, pollination is
essential to maintain populations of pollinator-dependent
wild plants (Aguilar et al. 2006) that then provide additional
ecosystem services, such as erosion control, water filtration,
carbon storage, and habitat for biodiversity (discussed in
greater detail in the following sections, reviewed in Kremen
et al. 2007).

Of these various contributions to human well-being,
scientists have to date only rigorously quantified importance of
pollination services to food crop production (e.g., effects of
animal pollination on fruit and seed yield, and on seed
production for crops in which vegetative parts are eaten). These
studies have shown that 75% of all crop species depend on
animal pollinators to produce fruits or seeds, either partially or
completely, supplying 35% of global crop biomass (Klein et al.
2007). Importantly, these crops also supply the majority of
certain essential micronutrients in plant-based food, such as
dietary lipid (74%), vitamins A (70%), C (98%), E (35–66% of
tocopherols) and folate (55%), and minerals calcium (58%)
and fluoride (62%) (Eilers et al. 2011). Since some crop
production from animal-pollinated crops is due to self or wind
pollination, the total amounts of biomass and micronutrients
due to yield increases from animal pollination will be less than
these numbers, but remain substantial (Eilers et al. 2011; Klein
et al. 2007). Worldwide, the pollination services for food crop
production, including both those provided by managed bees
imported to crop fields and those freely provided by wild bees,
were recently valued at V153 billion/year (prices from year
2005), 9.5% of global crop value (Gallai et al. 2009).

Neither the micronutrient nor the economic calculations
include the contributions of vegetative crops for which animal
pollinators are needed for seed production or breeding. We
also lack recent quantitative analyses of the indirect contribu-
tions of pollinators to meat and dairy production via forage
production (e.g., alfalfa, McGregor 1976), as well as, any
calculations of pollinator contributions to fibers, medicinals,
botanicals, firewood, timber, and other useful plant species,
both cultivated and wild. As 87% of wild plants are pollinator
dependent (Ollerton et al. 2011), these contributions are likely
to be large.

We can conclude that the contributions of pollinators to
human well-being are many and varied. To the extent that wild
pollinator species provide these services, then growers do not
have to pay beekeepers to supply them, reducing input costs for
growers, as well as, food prices for consumers (Chaplin-Kramer
et al. 2011; Winfree et al. 2011b). Wild pollinator species still
provide sufficient pollination services in certain regions (e.g.,
Winfree et al. 2007b; Winfree et al. 2008) or in favorable
environments within regions (e.g., Garibaldi et al. 2011;
Kremen et al. 2002), but in general, with the intensification of
agriculture and the loss of natural habitats, both the magnitude
and stability of wild pollinator richness, visitation rates, and
pollination services have declined in landscapes around the
world (Garibaldi et al. 2011). In fact, these declines in polli-
nation services occurred despite no observed declines with
intensification in the abundances of the honey bee, Apis
mellifera, a managed species which growers frequently import
to their fields for pollination services.
Declines in the abundance and richness of wild pollinator
populations are therefore already having subtle consequences
for the human food supply, although these are largely masked
by the presence of managed honey bees (Garibaldi et al. 2011).
Such effects may intensify as managed honey bees have
suffered dramatic declines in some regions (Neumann and
Carreck 2010), probably due to synergistic effects of disease,
environmental stress, and pesticides (Potts et al. 2010), and
wild pollinators are also declining, especially in intensive
agricultural landscapes (Garibaldi et al. 2011; Winfree et al.
2009). Declines in wild pollinators will also have large
consequences for the reproduction of wild plant populations
(Aguilar et al. 2006) that are likely to ramify in their effects on
food chains and ecosystem services, potentially affecting both
wildlife and humans.

What are the major factors causing wild pollinator declines?
Several recent synthetic analyses focusing on bees, the principal
pollinators of most crops andmany wild plant species, note the
loss or degradation of habitat as the principal factor in
declining richness and/or abundance (Bommarco et al. 2010;
Williams et al. 2010; Winfree et al. 2009). At the landscape
scale, meta-analysis showed that pollinator richness and
abundance were significantly affected by extreme habitat loss
or simplification, but not by moderate habitat loss (54 studies,
Winfree et al. 2009); conversely, favorable management prac-
tices in farming or grassland landscapes (such as organic
farming or set-asides on farmlands or grazing intensity for
grasslands) had significant positive effects on abundance and
richness of pollinators only in simplified (<20% of non-crop
habitats), but not complex landscapes (46 studies, Batary et al.
2011). Guild characteristics affected the response of bees to
different habitat disturbance types, as shown in a quantitative
synthesis of 19 studies including over 600 bee species; in
particular, above-ground nesters and social species were more
sensitive to various types of disturbances than below-ground
nesters and solitary species (Williams et al. 2010). Social
species were negatively affected by pesticide use, but this factor
was not significant overall or for other guilds (Williams et al.
2010). Additionally, a few recent studies have shown that
pesticide application can have negative impacts on native bee
species abundance and richness (Tuell and Isaacs 2010), and
declines occur at both local and landscape scales and are more
likely to occur after multiple applications (Brittain et al. 2010).
However, very little is currently known about the complexities
of pesticide impacts on wild pollinators and further research is
required to understand the influence of specific pesticide
application techniques and chemicals on pollinator life history
and behavior in the field.
4.11.1.2 Sensitivity/Vulnerability of Pollination Services

4.11.1.2.1 Temporal Mismatch
Our understanding of the effects of climate on pollination
services is weak, in part because determining individual plant
and pollinator responses to climate is a vast task, and scaling
those responses up to the community level is challenging, given
the complexity of such interactions. Pollinator visitation to
plants is a community-level phenomenondmerely knowing
the species present does not necessarily indicate how they
will interact to provide pollination services. In particular,



120 Vulnerability of Pollination Ecosystem Services
behavioral changes in pollinator foraging may play an impor-
tant role (e.g., Greenleaf and Kremen 2006) in determining the
effects of climate on pollination services. Climate may cause
changes in the quality, quantity, and timing of floral rewards in
space, and pollinator behavioral responses to those changes are
difficult to predict. Furthermore, pollinator behavior is layered
on top of changes in pollinator timing and abundance in space.
We may begin to piece together potential effects of climate on
pollination by considering evidence for each of these pieces
separately. To determine the sensitivity and vulnerability of
pollination services to climate, we will first review what is
known about how plants and pollinators themselves are being
affected. (Much of this work has been reviewed previously by
Burkle and Alarcon (2011) and Hegland et al. (2009).)

Although the phenologies of some insect pollinators and
many plant species have been shown to be affected by warm-
ing, few studies have found temporal mismatches in plant–
pollinator interactions. Honey bees, bumble bees, and some
butterflies are active earlier with warmer temperatures (e.g.,
Dennis and Sparks 2007; Gordo and Sanz 2006; Sparks et al.
2010) and many plant species are flowering earlier with
warmer temperatures, as well (e.g., Amano et al. 2010; Fitter
and Fitter 2002; Miller-Rushing and Primack 2008; Sparks et al.
2000). The majority of reported phenological changes for
plants and pollinators show advanced activity, yet some show
delayed phenology (e.g., Doi et al. 2008; Von Holle et al.
2010), illustrating the need for detailed, and possibly species
specific, investigations of different systems before generaliza-
tions can be made. In addition, variability in early-season
phenologies of plants, and to a lesser degree, butterflies, is
increasing (Menzel et al. 2006). When flowering phenologies
were experimentally advanced and plants were placed in an
unmanipulated community (e.g., the phenologies of pollina-
tors were allowed to unfold naturally), few mismatches were
observed (Rafferty and Ives 2011). By resampling and
comparing plant–pollinator phenologies and interactions with
historical phenologies and interactions, it is possible to test the
degree to which interactions are being disrupted by pheno-
logical changes. In a comparison spanning 120 years, few
mismatches in plant–pollinator interactions directly attribut-
able to phenological change were found (Burkle et al. in prep).
These empirical investigations, though limited in number,
suggest that temporal mismatches may not play as large a role
in decoupling plant–pollinator interactions as previously
indicated by models (Hegland et al. 2009; Memmott et al.
2007).

Despite the lack of evidence for widespread temporal
mismatches, given the current degree of changes in climatic
conditions in some regions, there are likely some cases in which
mismatches have led to declines or extirpations of plant
and/or pollinator populations. Demographic consequences of
such temporal mismatches, however, are not well understood.
Thomson (2010) showed strong direct effects of frost events
and snowmelt patterns on the reproduction of glacier lilies.
Temporal mismatches of glacier lily flowering and the activity
of their pollinators may also limit seed set, though this has
not been investigated explicitly. Burkle et al. (in prep) have
observed the extirpation of half of the bee species historically
present in mid-western US forests, though the cause of this bee
decline, involving many specialist bees, may not be solely due
to temporal mismatches (see below). Effects of climate
on pollinator nesting habits and reproduction are largely
unknown and have been identified as an important gap in our
understanding (Burkle et al. 2011). Miller-Rushing et al.
(2010) outlined a way to better understand the demographic
effects of phenological mismatches, including key questions
and approaches using experiments, models, and long-term
data.

4.11.1.2.2 Spatial Mismatch
In addition to temporal mismatches influencing pollination
services due to phenological changes in plant and pollinator
activity, spatial mismatches may also be as, or more, important.
Spatial mismatches between plants and pollinators may occur
due to range shifts resulting from climate changes, or due to
indirect climate change effects such as habitat destruction and
fragmentation. For example, under different climate scenarios,
it is possible that humans may use land differently, by altering
existing urbanization, development, and/or crop planting
patterns, and thus potentially destroying and fragmenting
existing habitat. Second, climate can determine the distribution
of many plant species, and thus, climate changes can result in
spatial shifts in plant populations. Much of the empirical
support for range shifts has been performed along elevational
gradients in the alpine, where the upward movement of species
with warming is relatively straightforward to detect. Plant
distributions along elevational gradients can change rapidly
with climate, and have been documented as shifting upward in
elevation an average of 22m per decade in the southwestern
United States (Kelly and Goulden 2008) and 29 m per decade
in western Europe (Lenoir et al. 2008; Walther et al. 2005,
2002). Other studies focused specifically on flowering forbs
and their range shifts find similar changes in elevation (Crim-
mins et al. 2009). In a cross-study comparison, Parmesan and
Yohe (2003) found many species, including alpine herbs, to be
shifting poleward at an average rate of 6.1 km per decade. In
some systems, involving narrowly distributed endemic plants,
range shifts may not be possible and declines in species rich-
ness have been observed (Damschen et al. 2010). At the other
end of the spectrum, some plant species, such as invaders, may
adapt and evolve to occupy new environmental conditions
associated with climate change, expanding into novel ranges
(Gallagher et al. 2010). However, there is also evidence for lack
of plant response to recent warming in the alpine, with clones
of long-lived plants remaining in the same locations over
thousands of years (Bahn and Korner 2003; Steinger et al.
1996). Sherrer and Korner (2010) argue that high microcli-
matic variation in the alpine would allow plants to ‘escape’
larger scale changes in climatic conditions without moving
more than a few meters. Determining which plant species
would shift their ranges due to warming and the direction and
magnitude of their responses remains challenging.

Few studies have documented range shifts in pollinator
species, primarily because knowledge of historic and current
distributions are lacking. There are initiatives to map historic
pollinator distributions based on museum specimens for
comparison to current ranges (Koch in prep). In a few studies,
butterfly range shifts have been documented to be moving
poleward due to climate changes (Bryant et al. 1997; Kerr 2001;
Parmesan and Yohe 2003). Changes in pollinator species
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distributions are more easily attributed to habitat loss or frag-
mentation directly (Cane 2001), though the ultimate causes of
habitat change may be related to climate shifts and associated
changes in human land use. At a local scale of kilometers, loss
of historically occurring plant–pollinator interactions can be
due to spatial uncoupling in which plants become separated
from their pollinating partners in isolated forest fragments
(Burkle et al. in prep).

4.11.1.2.3 Alteration of Pollinator Networks
A relatively new method for understanding plant and pollinator
interactions at the community level is via the construction of
interaction networks (Memmott 1999; Memmott et al. 2004;
reviewed in Vazquez et al. 2009). In these networks, single lines
connecting plants and pollinators indicate the existence of
interactionsbetween two species,making it easier tovisualize and
analyze changes in these interactions. Examined as a whole, the
pollinator network can also convey critical information regarding
the structure and function of community-level interactions
(reviewed in Burkle and Alarcon 2011; Vazquez et al. 2009).
Pollinator network analysis has generally shown that, within
sites, there is substantial interannual variation inwhatpollinators
interact with what plants, but despite this variation, pollination
events still take place, potentially indicating resilience to envi-
ronmental change. Interestingly, despite natural variation inwho
interacts with whom, structural properties of community plant–
pollinator networks remain fairly constant over time (reviewed in
Burkle and Alarcon 2011). For this reason, it is possible to use
network metrics, like nestedness and connectance to indicate,
over and above this natural variation, the health and stability of
interactions and potential directional change over time due to
anthropogenic environmental changes. Highly nested networks
are fairly robust to environmental change (Bascompte et al.
2003); thus declines in the nestedness of a network over time can
serve as a barometer, indicating loss of functional resilience in
plant–pollinator interactions.

Pollination networks can be utilized to understand
community-level impacts of climate change via two main
approaches: (1) evaluation of networks after simulated biodi-
versity loss or phenological mismatch and (2) comparison of
networks after actual habitat restoration. We discuss both in the
sections below, respectively.

4.11.1.2.4 Simulated Biodiversity Loss or Phenological
Mismatch
Simulation studies use existing plant–pollinator networks to
simulate the effects of environmental change, for example, they
help us to understand what happens when we delete species or
advance the phenologies of species, as might be predicted by
climate warming. For the most part, these simulation studies
have found that pollination networks are more robust to the
removal of randomspecies than to the selective removal ofhighly
linkedspecies (Kaiser-Bunburyet al. 2010;Memmott et al. 2004).
Many studies have found that the removal of the most-linked
pollinator species results in a relatively linear decline of plant
species, explained by the nested interaction network topology
and a redundancy in pollinator links per plant (e.g., Memmott
et al. 2004). In another simulation study, Devoto and colleagues
(2007) removed species from the network that they predicted
would exhibit spatial range shifts due to climate-change induced
increased precipitation, and found that removal of these species
had fairly minimal impacts on the plant–pollinator network. In
another simulation study by Kaiser-Bunbury et al. (2010), the
authors allowed species in the network to switch to those that
they have known potential to interact with, with the interesting
finding that networks could be stabilized following species loss if
remaining species could indeed ‘rewire’ to formnew interactions.
While results from these simulation studies suggest that polli-
nator networksmaybemore robust to species loss and range shift
than other ecological networks (e.g., Dunne et al. 2002), it is
important to keep in mind that plants and animals may be
differentially impactedbybiodiversity loss, given that pollinators
represent higher trophic levels, which are inherently more
sensitive to habitat disturbance (e.g., Holt et al. 1999; Kruess and
Tscharntke 1994). Because pollinators are dependent on plants
for food, it is not surprising that removal of the strongest inter-
acting species in the network can have the strongest negative
impact on simulated animal extinction rates (e.g., Kaiser-
Bunbury et al. 2010).

Just a few pollinator network studies have examined the
impact of climate on pollinator networks by modeling plant
and pollinator phenology (Memmott et al. 2007, 2010).
In these studies, Memmott and colleagues use existing predic-
tions of temperature changes (e.g., IPCC 2001) to calculate
potential phenological shifts in plant and pollinator emergence
and senescence, if those predictions are accurate. In their 2007
study, Memmott and colleagues examined simulated networks
where the onset of flowering and flight activity of all plants and
pollinators would be advanced by 1, 2, and 3 weeks. Across all
three scenarios, they found that 17–50% of all pollinator
species, especially those with smaller and more specialized diet
breadths, faced reduced floral resources and potential extinc-
tion. Similar to the findings of other network studies, the pre-
dicted impacts on pollinators were much greater than for
plants, though plants still experienced a 50% reduction in
pollination activity, likely leading to reduced reproduction
and eventual population decline (Memmott et al. 2007). In
a following study, Memmott and colleagues asked specifically
how the sowing of wildflowers changes the impact of simulated
climate on the pollinator network. Their experimental planting
and simulated climate-impacted network showed that by
sowing plant species that bloomed at the beginning and end of
the flowering season, the overall period of nectar resource
availability could be extended for pollinators. However, it
should be noted that these simulation studies did not allow for
behavioral flexibility, which might allow for new interactions
to develop between plants and pollinators within the system.

Another potential interaction between climate and polli-
nation systems may be the introduction of non-native species
into the pollination network (Memmott and Waser 2002;
reviewed in Schweiger et al. 2010), which may occur if non-
native species become invasive under those environmental
change conditions (reviewed in Dukes and Mooney 1999;
Walther et al. 2009). Depending on whether non-native plants
interact negatively or positively with native plants, their inva-
sion could stabilize or destabilize pollinator networks. Exam-
ination of a plant and pollinator network in central United
States has shown that non-native plants are far more common
than non-native pollinators (Memmott and Waser 2002). In
this study, non-native plants interacted with significantly fewer
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pollinator species than native plants, but were still relatively
well connected in the network. Likewise, in another simulation
study specifically examining the removal of non-native species,
the pollination network’s structural integrity was diminished
by non-native species loss, due to the high levels of connectivity
between alien and native species within the pollinator network
(Valdovinos et al. 2009). Thus, if non-native plant species
increase overall floral resource availability and duration, they
may positively impact pollinator populations in the short term.
However, the long-term effects of non-native plant species on
pollinator populations are not well known. Invasion, which
leads to plant species declines and losses in resource hetero-
geneity, may negatively impact forager biodiversity, as seen in
other systems (e.g., Macarthur and Macarthur 1961; Shmida
and Wilson 1985; Tylianakis et al. 2008). Overall, these studies
suggest that non-native species play varying roles in pollinator
networks, depending on their ability to provide foraging
resources and their impact on the native plant community.

4.11.1.2.5 Network Comparison Post Habitat-Alteration
Comparing interaction networks before and after an event
(habitat destruction or restoration) can tell us more about the
maintenance of pollination services than typical biodiversity
studies can. Unfortunately, though empirical research on the
spatial and temporal variation of plant–pollinator networks is
badly needed, the lack of historic data and the intensive
sampling effort required to identify multiple empirically gath-
ered networks has limited research in this area (Hegland et al.
2009). Only a few empirical network studies have specifically
examined how habitat alteration impacts network architecture.
Forup and Memmott (2005) compared pollinator networks for
old intact hay meadows and restored hay meadows (planted
with native plants post-agriculture), and found no significant
difference between the two in terms of plant or insect species
richness or abundance, but did find that old meadows had
a slightly higher proportion of potential links between plants
and pollinators. In a second study, Forup et al. (2008) examined
ancient and restored heathlands and found that, while the plant
and pollinator communities were similar, the interaction
networks were significantly less complex, in terms of con-
nectance values, in the restored heathlands. These results suggest
that even in ‘restored’ human-altered landscapes supporting
similar levels of species diversity, the complexity of plant–
pollinator interactionsmay not be easily recreated, and thismay
ultimately limit the long-term persistence of plant and polli-
nator communities. In communities with high degrees of
network complexity, such as the species-rich plant and polli-
nator communities of the tropics (Bawa et al. 1985),
network recovery post human-alteration may be less likely.

Most remaining studies have examined plant–pollinator
interactions over time within the same sites, and these have
largely focused on intra- and inter-annual variations in network
dynamics (reviewed in Burkle and Alarcon 2011). Studies
comparing networks within a single year have often found
substantial species turnover in composition, emphasizing the
need to consider plant–pollinator networks for shorter and
more biologically relevant time periods (Basilio et al. 2006;
Jordano et al. 2003; Medan et al. 2006; Petanidou et al. 2008).
One study that examined plant and pollinator interactions on
a daily basis, also found pronounced species turnover, and
found that the most connected species, and thus perhaps the
most resilient species, were those with the longest flowering–
foraging periods (Olesen et al. 2008). Studies that have
examined variation in pollinator networks across multiple
years have also found a large degree of turnover in species
composition, but have surprisingly found that the number of
plant and pollinator species, connectance, degree of nested-
ness, and modularity were conserved over the years (Alarcon
et al. 2008; Burkle and Irwin 2009; reviewed in Burkle and
Alarcon 2011; Dupont et al. 2009; Petanidou et al. 2008).
Overall, these studies indicate that plant–pollinator systems are
dynamic, but that pollinators are flexible in resource use,
potentially making networks more resilient to climate change.
Furthermore, they indicate that high levels of connectance and
nestedness allow for functional redundancies in the network,
and greater potential resilience to climate change-induced
biodiversity loss. However, research on pollinator networks
over multiple years is sorely needed (reviewed in Burkle
and Alarcon 2011), specifically research which examines
how habitat alteration and environmental change impacts
complex and spatially explicit pollinator network architectures
(reviewed in Gonzalez et al. 2011). These future studies will
greatly improve our understanding of environmental change
impacts on pollinator community dynamics.
4.11.2 Ecosystem Service Changes

As mentioned earlier in the chapter, plants and pollinators
provide a number of critical ecosystem services. Throughout this
chapter, we have discussed research indicating that alterations in
local and regional climate can disrupt plant and pollinator
phenology, potentially leading to population and community
alteration. In our discussion of pollinator networks, we have
further shown that simulated alteration of plant and pollinator
phenology can lead to marked changes in community-level
interactions. The consequences of these population-level and
community-level alterations on ecosystem services could be
various, and include potential changes in the quantity, quality,
spatial availability, and temporal availability of ecosystem
services. Unfortunately, research that directly examines the
impact of the various dimensions of local climate change on
pollination service acquisition is rare to nonexistent. In the
following paragraphs, we discuss how potential outcomes of
warming or warming and drying scenarios, specifically reduction
in the abundance and diversity of pollinators, may impact
ecosystem services provided by wild plants and native
pollinators.
4.11.2.1 Wild Plant Pollination

The impact of pollination disruption on wild plant commu-
nities and the ecosystem services they provide is potentially
wide-ranging, but largely understudied (Tylianakis et al. 2008).
Though more than 75% of wild plant species are dependent on
insect pollination for reproduction (Ollerton et al. 2011), the
impacts of this dependency on community or population level
ecosystem services are not clear. Most existing studies have
focused on single-species analyses of wild plant reproductive
success across varying habitat treatments (e.g., Fenster and
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Dudash 2001; Jules and Rathcke 1999). A recent meta-analysis
of these studies has found that self-incompatible pollinator-
dependent plant species exhibited greater declines in frag-
mented habitats than self-compatible plant species (Aguilar
et al. 2006), and cross studies, the effects of fragmentation on
pollinators were highly correlated with the effects on plant
reproduction. Both of these findings suggest that pollination
limitation could be a key driver for wild plant population
decline. Of the wild plant species studied, 62–73% show
pollination limitation (Ashman et al. 2004; Burd 1994), and
though the long-term consequences of pollen limitation on
population growth are uncertain (Hegland and Totland 2008),
simultaneous declines in native plant and pollinator pop-
ulations suggest a link between these two patterns (Biesmeijer
et al. 2006). Thus, wild plants may face declines if their polli-
nators exhibit climate-induced spatial or temporal change, or
general population decay.

Biodiversity loss in wild plant communities can have
devastating effects on ecosystem services because wild plants
are critical for ecosystem processes in both natural and human-
altered landscapes. Aside from providing humans with food,
medicines, fuel, and construction materials, wild plants also
support important processes in agricultural, rural, and urban
landscapes, such as pest-predation (reviewed in Chaplin-
Kramer et al. 2011), nitrogen fixation (e.g., Hooper and
Vitousek 1997), erosion control (e.g., Philpott et al. 2008),
water filtration and storage (e.g., Lin and Richards 2007), and
carbon sequestration (reviewed in Hooper et al. 2005). Lastly,
wild plants provide habitat needed for the migration of
important seed dispersers and serve as plant propagule reser-
voirs for the recolonization of disturbed habitats (e.g., Jha and
Dick 2008). Thus, wild plants are critical for the function and
regenerative capacity of natural and human-altered landscapes,
and their decline would undoubtedly reduce the depth and
range of ecosystem services they currently provide.
4.11.2.2 Crop Plant Pollination

As discussed in the introduction of the chapter, animal polli-
nation is important for crop production and contributes to the
stability of food prices, food security, food diversity, and
human nutrition (Steffan-Dewenter et al. 2005). An estimated
15–30% of the American diet depends on insect pollination
(reviewed in Losey and Vaughan 2006) and globally, the
cultivation of pollinator-dependent crops is growing (Aizen
et al. 2008). Thus the loss of pollinators, without strategic
market response, could translate into a production deficit of an
estimated �40% for fruits and �16% for vegetables (Gallai
et al. 2009). These studies all suggest that climate-induced
pollinator declines or disruptions to crop pollination could
result in the alteration or reduction of food quantity, quality,
diversity, availability, and nutritional content, potentially
compromising global food security.
4.11.3 Mitigation Possibilities

A number of options exist for improving conditions for polli-
nators and buffering disruption of pollination interactions and
general biodiversity loss. Unfortunately, very little research on
pollinator restoration has been conducted specifically in the
context of climate. In the following paragraphs, we present
mitigation strategies that have been developed with respect to
other types of environmental change, as they serve as key
starting points for climate-specific restoration strategies.
Though many of the practices for pollination restoration are
similar, restoration projects can vary in their specific objectives
and thus may have different concepts of restoration success
(Menz et al. 2011). In particular, we focus on local and regional
habitat mitigation strategies that are aimed at increasing the
abundance and diversity of native pollinators, but also briefly
discuss the challenges and opportunities for better developing
pollinator restoration practices in the context of climate.
Generally, the best insurance for protecting pollination services
in the face of any alteration in local and regional climate
involves maintaining or restoring high abundances and diver-
sities of wild pollinators, their food plants, and their nesting
resources throughout their current and predicted geographical
ranges.
4.11.3.1 Local Habitat Restoration

Research on local habitat restoration strategies is the most well-
studied area of pollinator conservation and includes a wide
range of on-site practices, such as the sowing flowering strips
and installation of hedgerows. Pollinators are dependent on
both flowering and nesting resources (Kremen et al. 2007; Potts
et al. 2005; Williams et al. 2010; Winfree 2010). Thus, it is
essential to consider pollinator nesting and floral resource
needs while deciding on the location, size, configuration, and
longevity of the restoration. When considering the selection of
plants to include in the local restoration, it is also critical to
consider nectar and pollen needs of the target pollinator
community across their foraging periods (e.g., Dixon 2009;
Williams et al. 2010). Some studies suggest the strategic
planting of ‘framework’ and ‘bridging’ plants, which respec-
tively, provide resources necessary for supporting large polli-
nator numbers and provide resources during resource poor
time periods (Dixon 2009). Bridging plants may become even
more important, if there is a mid-summer decline in flor-
al resource availability associated with warmer conditions
(Aldridge et al. 2011). Furthermore, it is important to consider
the facilitative and competitive interactions between the plants
within the restoration in order to select a mix that optimizes
resource availability for pollinators, as well as, reproductive
capacity for the plants themselves (reviewed in Menz et al.
2011).

For the restoration location, field margins are the most
commonly utilized areas within agricultural areas (Carvell et al.
2004; Meek et al. 2002; Pywell et al. 2006), because they are
usually not planted with crop plants and are often long and
linear, easing the process of sowing, planting, and weeding.
Within crop fields, field margins and adjacent lands, flowering
strips, especially those that include non-legume forbs (e.g.,
Pywell et al. 2006), are a low cost method to provide pollina-
tors with floral resources. These flowering strips have been
shown to increase the abundance and diversity of native bees
and butterflies for at least a single season, often more (e.g.,
Potts et al. 2009; Pywell et al. 2006). Resowing of these strips
can provide extended resources and also help reduce the



124 Vulnerability of Pollination Ecosystem Services
occurrence of weeds (Potts et al. 2009). If a longer term
restoration is preferred, hedgerows that include woody peren-
nial plants can potentially provide both nesting and floral
resources (Menz et al. 2011).
4.11.3.2 Regional Habitat Restoration

Regional habitat restoration strategies for pollinator conserva-
tion include the preservation of unmanaged natural habitat
and modifications of existing practices on human-managed
lands. A number of studies have shown that the preservation of
natural habitat within agricultural areas can lead to higher
pollinator abundances, richness, and pollination services for
adjacent crops (reviewed in Kremen et al. 2007). Furthermore,
the presence of remnant habitats can be critical for the colo-
nization of recently restored habitats (Forup and Memmott
2005; Forup et al. 2008). Human-altered regional habitat can
also be used to support pollinator populations, if managed
appropriately. Minimizing grazing and cutting of grasslands
can increase regional floral resource availability (Duffey et al.
1974; Kruess and scharntke 2002) and insect nest site avail-
ability (Morris 2000; Woodcock et al. 2007). Pasture that is
infrequently grazed can provide bee populations with impor-
tant floral and nesting resources (e.g., Morandin et al. 2007),
and the reduction of fertilizer application, in conjunction with
reduced grazing, has been shown to provide improved habitat
for a number of butterfly species (e.g., Erhardt 1985).

Whether natural habitat is preserved or human-managed
landscapes are modified for pollinator conservation, it is
essential to consider the role of habitat restoration in support-
ing essential regional pollinator dispersal and migration
processes, whichmay vary depending on pollinator community
(reviewed inMenz et al. 2011; Powell and Powell 1987; Ricketts
2001). A number of spatial simulation models of pollinator
restoration have shown that the best habitat restoration design
for pollinator persistence and pollination service was strongly
influenced by the foraging behavior of the target pollinator
species (Brosi et al. 2008; Keitt 2009). Thus, restoration should
keep inmind the dispersal capacities of target pollinator species
(reviewed in Menz et al. 2011). For example, for highly mobile
species, the restoration processes can consider creating a ‘step-
ping stone’ habitat (e.g., Ottewell et al. 2009), whereas dispersal
limited species may need more contiguous linear corridors of
high-quality habitat (Tewksbury et al. 2002) to facilitate
movement through inhospitable matrices. In fact, within agri-
cultural settings, plant populations connected by corridors
(Townsend and Levey 2005; Van Geert et al. 2010) or highly
biodiverse matrices (Jha and Dick 2010) have been shown to
participate in extensive pollen transfer. Thus, habitat restoration
that facilitates pollinator movement has the potential to
support improved pollination services across natural and
human-altered landscapes, particularly in light of current and
plausible future changes in local and regional weather patterns
and climate.
4.11.3.3 Pollination Restoration and Climate

The habitat-restoration strategies discussed in this chapter
provide only indirect options for buffering global climate
change; however, the act of increasing pollinator abundance
and species richness in a community, at the least, increases the
probability that a community or population can persist in
altered conditions. Increased population densities and gene
flow levels usually lead to populations with greater adaptive
genetic diversity (sensu Conner and Hartl 2004). These genet-
ically diverse populations are more likely to be comprised of
individuals genetically more suited to altered habitat condi-
tions. Furthermore, there is substantial research illustrating that
many ecosystem processes are a function of biodiversity levels
(e.g., Balvanera et al. 2006; Cardinale et al. 2006; Naeem 2009)
and that ecosystem process change is often less marked when
biodiversity levels are high, due to the potential functional
redundancy among species (Montoya and Raffaelli 2010) and
response diversity (the differing responses of different species
to the same environmental change) (Winfree and Kremen
2009). Thus by maintaining high population-level genetic
diversity and community-level species diversity, restorations
can provide potential safeguards against future ecosystem
alterations from climate and other environmental stressors.

Furthermore, it is possible to take the mitigation strategies
discussed above and adapt them to the specific situations
predicted in global climate model change scenarios. One
potential result based on these scenarios is a temporal or spatial
shift in species flowering or foraging, which would be likely
given that species exhibit varying responses to climate
(Parmesan 2007). As discussed in the previous section, one
pollinator network study suggests that one way to make
pollinator restoration habitats more resilient to future climate
conditions is to extend the flowering season of existing resto-
ration areas (Memmott et al. 2010). While this study provides
insight into how potential phenological changes could be
incorporated into existing restoration plans, there are a vast
number of restoration strategies that require further research in
the context of climate change. Specifically, future work is
needed to examine the role of nesting resources and flowering
species density in altered climate conditions.
4.11.4 Conclusions and Policy and Management
Implications

While conservation biologists are often focused on taking
measures to adapt existing management strategies to whatever
climate plausibly could occur in the future or to create new
strategies that are more resilient, the goal to develop policies
that minimize all human climate forcing needs to be a high
priority.

The next line of defense is to ensure that conservation
management strategies, both existing and in planning, are
designed with climate effects in mind. Many of the recom-
mended strategies for making protected areas more resilient to
climate (Heller and Zavaleta 2009) are also those long rec-
ommended as best practices for conservation, such as ensuring
connectivity between reserves, encompassing latitudinal and
elevational gradients within reserves or reserve networks,
creating buffer zones around reserves, and ensuring that land-
use practices in the matrix are favorable to biodiversity. Given
the enormous existing challenges of implementing conserva-
tion action successfully (Knight et al. 2008), the concordance
between recommended conservation measures for adapting to
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climate, including plausible changes in local and regional
climatic conditions, and other environmental threats is indeed
a welcome relief. This concordance also signals how important
it is, in the face of climate risks, to enact a full suite of multi-
scale conservation measures on the ground to deal with the
multiple, synergistic effects of interacting drivers of local and
global extinction (Heller and Zavaleta 2009).

Conservation of pollinator biodiversity falls within this
general set of recommendations. Thus, rather than repeating
this ground, we focus here on the maintenance and conserva-
tion of pollination function, rather than pollinators per se, and
recommend five key focal points for policy and management,
at local and regional scales.
LOCAL:

l Maintaining pollination function in an area requires
maintaining a locally diverse set of pollinator species.
Diverse groups of pollinators provide enhanced pollination
function, through complementarity and other mechanisms
(Hoehn et al. 2008; Klein et al. 2009), and are more likely to
withstand multiple, potentially synergistic, threats, through
response diversity (Winfree and Kremen 2009). Actions that
maintain or restore the diversity of pollinators locally are
therefore critically important.

l Maintaining the diversity and abundance of floral resources
is a key factor in maintaining the local diversity of polli-
nators (Potts et al. 2003). Therefore, it is important to enact
policies and implement actions that provide floral resources
in working lands, including agricultural, urban, pastoral,
and plantation landscapes. Such landscapes can support
high bee diversity under proper management (e.g., Batary
et al. 2011; Cane et al. 2006; Holzschuh et al. 2008; Kremen
et al. 2002; Winfree et al. 2007a).

l In restoring plant communities to support pollinators, it is
important to ensure that a phenological sequence of plants
is established that provide bloom throughout the pollina-
tors’ flight season (Menz et al. 2011). For added resilience to
climate, specific attention should be paid to enhancing
resources at the beginning and end of the flight season
(Memmott et al. 2010).

REGIONAL

l Maintenance of the regional species pool is equally
important. Extensive research has shown that the landscape
scale is an extremely important influence on pollinator
abundance and diversity (Garibaldi et al. 2011; Ricketts
et al. 2008), and that local scale amelioration of habitat
tends to augment pollinator diversity and abundance only
in the most simplified landscapes (Batary et al. 2011).
Therefore, maintaining sufficient natural habitats at the
regional scale is critical for supporting healthy pollinator
communities and services (Chaplin-Kramer et al. 2011;
Kremen et al. 2002).

l Favorable local scale management practices, such as organic
farming practices can have landscape level effects that add
to the local effects of such management practices (Gabriel
et al. 2010; Holzschuh et al. 2008).

Given the critical role of wild pollinators in maintaining
a nutritional human food supply (Eilers et al. 2011; Garibaldi
et al. 2011; Klein et al. 2007; McGregor 1976), and the recent
and widespread losses of our principal managed pollinator,
Apis mellifera (Neumann and Carreck 2010), policies and
conservation management plans should accord special
attention to maintaining the diversity and resilience of
pollinator communities, especially in the face of global
climate change.
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