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Abstract

Animals pollinate 87% of the world’s flowering plant species. Therefore,
how pollinators respond to human-induced land-use change has important
implications for plants and the species that depend on them. Here, we syn-
thesize the published literature on how land-use change affects the main
groups of pollinators: bees, butterflies, flies, birds, and bats. Responses to
land-use change are predominantly negative but are highly variable within
and across taxa. The directionality of pollinator response varies according
to study design, with comparisons across gradients in surrounding land-
scape cover finding largely negative responses and comparisons across local
land-use types finding largely positive responses. Furthermore, among the
studies using landscape designs, most were performed in systems where land-
use change is extreme, and such studies find stronger negative effects than
those performed in more moderate systems. Across multiple taxa, dietary
specialists show greater sensitivity to land use than do generalists. There is
a need for studies of pollinator species composition and relative abundance,
rather than simply species richness and aggregate abundance, to identify the
species that are lost and gained with increasing land-use change.



Land-use change:
human modification of
the terrestrial land
surface, encompassing
the loss and
fragmentation of
natural habitats

Ecosystem functions:
ecological processes
that naturally occur
within ecosystems, for
example, pollination,
plant productivity, or
nutrient cycling
Anthropogenic
habitats: human-
modified habitats

1. INTRODUCTION

In an era of increasing anthropogenic land-use change, it is important to understand the impacts of
such land use on species groups that provide critical ecosystem functions. Pollinators are one such
group: Eighty-seven percent of the world’s wild plants, or roughly 308,000 species, are pollinated
by animals (Ollerton et al. 2011). Although many animal-pollinated plants can self-pollinate to
some degree, thus lessening the extent of short-term reliance on pollinators, all rely on pollinators
in the long term for genetic exchange among individuals. The interactions between plants and
pollinators are increasingly situated within ecosystems dominated by human land use. As of 2000,
40% of Earth’s ice-free land area is being directly used by humans, and an additional 37% is
surrounded by human-modified areas (Ellis et al. 2010). Human land use is predicted to increase
rapidly over the next few decades as the human population grows (Tilman et al. 2001). Therefore,
how pollinators respond to land-use change has important implications for much of the world’s
flora.

Many scientists are concerned that pollinators are in decline globally (Potts et al. 2010). How-
ever, firm conclusions are hampered by a lack of long-term monitoring data that could reveal
trends in pollinator populations over time. In the European Union (EU), where pollinator popu-
lation status has been best evaluated, some but not all taxa are clearly declining. Across multiple EU
countries, 37-65% of bee species are considered to be of conservation concern (Patiny et al. 2009),
and in the United Kingdom (UK), 71% of butterfly species have declined to some extent over the
past 20 years (Thomas et al. 2004). In North America, a recent National Research Council report
concluded that there is evidence of decline for particular bumblebee, butterfly, bat, and humming-
bird species, but that for most pollinator species “the paucity of long-term population data and the
incomplete knowledge of even basic taxonomy and ecology make definitive assessment of status
exceedingly difficult” (NRC 2007, p. 7). The lack of biological knowledge about many pollinator
species contributes to their lack of formal protection. For example, only two species of bee are
on the Red List of threatened species established by the International Union for Conservation
of Nature IUCN), although multiple species are known to be declining precipitously (Williams
& Osborne 2009). Anthropogenic land use has been identified as a principal cause of decline for
many threatened species, and it may be causal for pollinators as well (Pereira et al. 2010, Potts
etal. 2010).

The objective of this review is to synthesize the published literature across pollinator taxa,
geographic regions, types of anthropogenic habitats, and research designs to look for general
patterns in pollinator response to land-use change. Given the crucial role that pollinators play in
ecosystems, the literature on how they are affected by land-use change is surprisingly recent. As
of 1993, there were only five published studies on pollinators and human-induced loss of natural
habitats (Rathcke & Jules 1993), and in 1998 an influential review on plant-pollinator interactions
concluded that “the response of insects to fragmentation is poorly understood” (Kearns et al. 1998,
p- 89). Since that time, the literature has grown enormously. There have been recent reviews of
pollinator conservation and restoration (Potts et al. 2010, Menz etal. 2011) and a synthetic analysis
investigating how land use affects crop pollinators (Ricketts et al. 2008). Other reviews and meta-
analyses have focused exclusively on one taxon, investigating responses to tropical deforestation
in butterflies (Koh 2007), the role of resources and natural enemies in regulating bee populations
(Roulston & Goodell 2011), bee conservation and restoration (Murray et al. 2009, Winfree 2010),
or bee community responses to anthropogenic disturbances (Winfree et al. 2009) and the role of
species traits in moderating bee responses to disturbance (Williams et al. 2010). The distinguishing
feature of our review is that we synthesize the published literature on multiple pollinator taxa in
terms of responses to land-use change. Our review of the published literature yielded 265 published
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Table 1 Directionality of changes in pollinator outcomes with increasing human land use. Cells

record counts for the directionality of changes in pollinator abundance and species richness with

increasing human land use. All studies are listed in Supplemental Table 1. Responses were classed @SUPplemental Material
as negative or positive when P < 0.10. Nondirectional responses are included in the neutral category

Directionality of pollinator response
Negative Neutral Positive Negative:positive
Bees 81 94 27 3.0:1
Butterflies 88 88 47 1.9:1
Syrphid flies 18 14 14 1.3:1
Birds 24 20 30 0.8:1
Bats 9 12 20 0.5:1

studies, contributing a total of 674 measures of pollinator response to anthropogenic land use.
Information on each of these studies is available in Supplemental Table 1. (Follow the Supple-
mental Material link from the Annual Reviews home page at http://www.annualreviews.org.)
A summary table by pollinator taxon shows that pollinator response to land-use change is pre-
dominantly negative, but highly variable (Table 1). Our review focuses on possible reasons for
this variability. We consider three broad classes of explanation:

1. Characteristics of land-use change, including the type and extent of change.
2. Characteristics of pollinators, including species traits.
3. Research methods and biases.

As pollinators are defined by their function and are taxonomically diverse, we begin with an
introduction to the major groups of pollinators.

2. WHO ARE THE POLLINATORS?

There is at present no quantitative evaluation of the relative importance of the different pollinating
taxa to pollinating the worlds’ flora. However, most pollination ecologists would agree that bees
(series Apiformes) are the predominant pollinators for most plants and ecosystems. Bees are often
the most frequent visitors of flowers (Neff & Simpson 1993), which makes them likely the most
important pollinators as well, insofar as visitation rate is a strong predictor of pollination (Vizquez
etal. 2005). The predominance of bees as pollinators is attributable to the fact thatall 20,000 species
are obligate florivores and both larval and adult life stages feed on floral products. In contrast,
in all other pollinator taxa, only a subset of species visit flowers, and florivory is confined to the
adult stage (Michener 2007). Female bees of nonparasitic species spend much of their adult lives
collecting pollen to provision their offspring and have specialized pollen-collecting structures and
behaviors, in contrast to most other pollinator taxa. Bees are present in a wide variety of terrestrial
habitats worldwide.

Flies (order Diptera) are the second most frequent visitors to flowers overall (Larson et al.
2001), and they often outnumber bees in lower-temperature situations such as high latitude areas
(Elberling & Olesen 1999). Although flies are a diverse group of over 150,000 species, and species
from over 70 families have been observed visiting flowers in North America alone (Larson et al.
2001), the frequent flower visitors are concentrated in only three families: Syrphidae (hoverflies
or flower flies; herein syrphid flies), Bombyliidae (bee flies), and Tachinidae (tachinid flies). Of
these three groups, the syrphid flies are likely the most important flower visitors (Larson et al.
2001). Syrphid flies are found in a variety of habitats throughout the world and are the main group
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that has been studied in the context of land-use change; thus, our review of flies focuses on the
syrphid flies. In nearly all of the 6,000 syrphid fly species, adults consume nectar, and some species
consume pollen.

Butterflies and moths (Lepidoptera) are a diverse group of 300,000 species of which only an
estimated 14,500 are butterflies, with the remainder being moths. Many species are nectarivorous;
but with a few exceptions, they do not consume pollen. Some species do not feed on flowers,
but rather fruit sap or blood, or do not feed at all as adults (Scoble 1995). The nectarivorous
and, therefore, pollinating taxa are concentrated in the moth families Sphingidae (hawk moths),
Noctuidae (owlet moths), and Geometridae (geometer moths), and the butterfly families Hes-
periidae (skippers) and Papilionoidea (common butterflies); thus, these families are the focus of
this review. All of the nectarivorous families are represented worldwide but reach their maximum
diversity in the tropics (Scoble 1995). Although comprehensive data on this point are lacking, it is
thought that for most plant species, butterflies visit flowers less frequently than do bees and may
also deposit less pollen per visit (e.g., Sahli & Conner 2007). However, some studies suggest that
butterflies and moths carry pollen farther than other insects, and this long-distance pollen transfer
could have important genetic consequences for plants (Herrera 1987).

Among the vertebrates, pollinators are primarily found in particular families of birds and
bats. There are six main families of nectar-feeding birds (Fleming & Muchhala 2008). The most
speciose group is the Trochilidae (Hummingbirds; 328 flower-visiting species), which are found
only in North and South America. The Nectariniidae (sunbirds and flowerpeckers; 174 flower-
visiting species), Psittacidae (lorikeets; 53 flower-visiting species), and Meliphagidae (honeyeaters;
176 flower-visiting species) are primarily tropical forest species and are found in Australia, Africa,
and Asia (Fleming & Muchhala 2008). Although particular species in other families are known
to visit flowers, the vast majority of species do not do so; we therefore focus our review on the
families named above.

Two families of bats contain flower-visiting species: the leaf-nosed bats (Phyllostomidae;
38 flower-visiting species) and the fruit bats (Pteropidae; 15 flower-visiting species; Fleming &
Muchhala 2008). The Phyllostomidae are found in North and South America, and most species
occur in tropical forests. Flower-visiting Pteropidae occur in Asia and Australia, and there is
one species in Africa. Flowers visited by bats are generally morphologically distinct and night-
blooming, and are often not visited by taxa other than bats (Fleming et al. 2009). Figure 1 shows
representatives of the main pollinator taxa.

Occasional pollinators are found in other, widely divergent taxonomic groups. Beetles
(order Coleoptera) in at least 17 families visit specialized beetle-pollinated plants from 34 differ-
ent plant families, and species in another 4 beetle families are more generalist visitors (Bernhardt
2000). Similarly, wasps (order Hymenoptera), particularly in the families Vespidae, Scoliidae, and
Pompilidae, are common flower visitors, and the Agaonidae have a highly specialized pollinating
association with figs (Weiblen 2002). Ants (Hymenoptera, Formicidae) are known to visit at least
20 plant species (Rico-Gray & Oliveira 2006), and thrips (Thysanoptera) may be important for
specific plant taxa (Mound 2005). Nonflying mammals such as marsupials, rodents, and primates
visit at least 85 species of plants globally (Carthew & Goldingay 1997). We were unable to find
any further quantitative information on the global importance of the above taxa as pollinators.
Because studies reporting land-use change effects on these incidental taxa are scarce, we mention
them only tangentially in this review. More studies documenting the contribution of these groups
(e.g., generalist beetle visitors) and how they respond to land-use change are needed.

Even within the main pollinator taxa enumerated above, the number of studies reporting
responses to land-use change varies widely across taxa. Bees and butterflies dominate the litera-
ture, whereas published studies of syrphids, birds, and bats are scarcer (Table 1). Hereafter, we
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Figure 1

Examples of the primary pollinator taxa. (#) Bumblebee (Bomzbus sp.), (b) solitary bee in the tribe Augochlorini, (¢) hawk moth
(Macroglossum stellatarum, Sphingidae), () monarch butterfly (Danaus plexippus, Nymphalidae), (¢) syrphid fly (Syrphidae), (f) sunbird
(Aethopyga bella, Nectariniidae), (g) bat (Glossophaga soricina, Phyllostomidae), and (b)) hummingbird (Calypte anna, Trochilidae). Photo
credits: L. Mandle, I. Bartomeus, and the following Wikimedia Commons and NBII LIFE authors: Roo72, Mh-k, J.J. Mosesso,

Llimchiu, R. Somma and Mbz 1.

combine responses of pollinating birds and bats as there are relatively few studies of these groups,
and they inhabit similar ecosystems (tropical forests) and exhibit similar responses to land-use
change. Lastly, there is a geographic bias in the published literature, such that studies conducted
in Europe or North America account for 52% of all recorded responses, whereas tropical coun-
tries account for 39%, and India, Russia, and China are particularly underrepresented as they
collectively account for <1%. Consequently, our review of necessity reflects the information that
is available.

3. POLLINATOR RESPONSE TO LAND-USE CHANGE:
TERMINOLOGY AND METHODS

Our literature review was conducted using ISI Web of Science searches through December 2010.
Our criteria for inclusion in our review were that a study (#) measured pollinator outcomes such as
abundance, species richness, diversity, community composition, or genetic diversity as a function
of treatments related to anthropogenic land use, (b) was replicated, and (¢) reported statistical
results or data. For studies of vertebrates and tropical butterflies, for which a species within a
given taxonomic group can be either flower-visiting or not, we recorded results for the flower
visitors alone whenever these were distinguished by the researchers. In some studies it was not
possible to distinguish the flower visitors from other guilds, most notably in studies of tropical
butterfly families that include both flower-visiting and fruit-feeding species. Given the paucity
of published work on these groups, we included these studies so long as pollinating taxa were
the predominant members of the studied group. We focus on native pollinators, thus excluding
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studies of domesticated pollinators such as the honey bee (Apis mellifera) and of invasive pollinator
species, which may show idiosyncratic responses to land-use transformations. We do not cover
pollinator restorations within agricultural systems, as these are typically small (<1 ha) in scale
and do not represent what is generally meant by land-use change. Pollinator response to such
restorations has recently been reviewed elsewhere (Winfree 2010). Studies of the reproduction of
animal-pollinated plants as a function of land use are not covered here; they have recently been
reviewed elsewhere (Aguilar et al. 2006).

The habitat affinity of most pollinator species is unknown; thus, in this review, we do not refer
to habitatloss or fragmentation, but only to transitions between land-use types or land-use change.
We standardized land use to multiple natural/seminatural and anthropogenic types (Figure 2).
We consider these groupings to be crude; in particular, few researchers of landscape-scale studies
quantitatively report the composition of the modified, matrix habitats, yet these must be catego-
rized in order to compare the original with the converted type. Even crude habitat categorizations,

Figure 2

(Top row) Representative natural and seminatural habitats: (#) tropical forest in Martinica (tropical forest category), (b) shrublands
(shrub/heath/open woodlands category) in Spain, and (c) fallow agriculture (seminatural category) in the United Kingdom. (Bottorm row)
Representative anthropogenic habitats: (d) coffee plantation (agriculture category) in Costa Rica, (¢) wheat (agriculture category) in the
United States, and (f) urban development (urban/suburban category) in Japan. Additional natural land-use categories that were used,
but are not shown here, include temperate forest, desert, and natural grasslands, and for anthropogenic habitats, pasture and
deforestation/secondary forest/agroforestry. Photo credits: I. Bartomeus and the following Wikimedia commons and NBII LIFE
authors: J. Oliveira, D. VanDerMade, Lanbea, Frameme, and Lizzie.
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however, allow for a preliminary exploration of the role of habitat type in determining pollinator
responses to land-use change.

In the following sections, we investigate whether the observed variability in pollinator responses
to land-use change (Table 1) is explained by characteristics of land-use change, by characteris-
tics of the pollinators themselves, or by aspects of research methodology. Because 83% of the
recorded pollinator responses are of aggregate pollinator abundance or species richness, we re-
port only these metrics in Supplemental Tables 2-12 to make comparisons more consistent. In
interpreting Supplemental Tables 2-12, we focus on the ratio of negative-to-positive responses
to reduce the role of variation in statistical power in determining outcomes. We note, however,
that nonsignificant or neutral responses are the most frequent response observed (Table 1).

4. CHARACTERISTICS OF LAND-USE CHANGE

Land-use change processes are complex, and pollinator responses might be conditioned by the
type and extent of land-use change. The strongest pattern we find in this section is that pollinator
responses vary according to study design, being largely negative in comparisons across gradients
in surrounding landscape cover and largely positive in comparisons across local land-use types.
In addition, pollinator responses are more strongly negative in study systems that have already
experienced extreme land-use change. Pollinators respond more consistently to changes in floral
resources than they do to changes in land use per se; thus, floral resources may be a mechanism
explaining some of the diversity of pollinator responses to land-use change. The effect of land-
use change on other resources required by pollinators, such as nesting sites, has scarcely been
investigated.

4.1. Study Design and the Extent of Land-Use Change

Most studies of pollinator response to land-use change use one of two study designs. In the first
design, pollinator populations within a fixed habitat type are compared across landscape contexts
that differ in the extent of land-use change. In the second design, pollinator populations are
compared across habitat types, generally without reference to the land-use composition of the
surrounding landscape (Figure 3).

We used studies of the first design to investigate how the extent of land-use change affects
pollinator outcomes by comparing results from studies performed in systems characterized by
extreme human land use to results from systems characterized by only moderate human land
use. We categorized studies as extreme versus moderate according to the values they reported
for any of the following metrics: the proportion of land cover surrounding the study site that
consists of natural habitat (57% of responses); the linear distance to the nearest natural habitat
(25% of responses); or the size of the natural habitat fragment where data were collected (17%
of responses). Although these metrics are distinguished in the literature on habitat fragmentation
and in principle do not have to be positively correlated, in practice species tend to respond to them
similarly (Fahrig 2003). To categorize studies, we used the same scheme as a recent meta-analysis
of land use and bees (Winfree et al. 2009), which considered studies as being from extreme systems
if the most extreme site in the analysis had <5% natural habitat cover remaining in the surrounding
landscape, was >1 km from the nearest natural habitat, or was a <I-ha habitat fragment, whereas
all other studies were classified as moderate. Winfree et al. (2009) found a highly significant
difference in pollinator responses between the extreme and moderate systems, with significant
negative responses being found only in extreme systems (Figure 4).

Here, we found a similar result using a much larger number of responses [158 responses for
bees and butterflies combined versus 81 responses of bees alone (reported in Winfree et al. 2009;
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Figure 3

Schematic showing the two study designs contrasted in this review. (#) Design focused on surrounding
landscape cover. Sampling is generally done within a fixed habitat type. In the most common design, sites
vary in the proportion of surrounding land cover composed of specific habitat types such as forest (dark green)
or agriculture (ye/low). The radius at which landscape cover is assessed varies across studies but is typically
between 300 and 3,000 m. Other designs, which we include in this category, vary either the linear distance to
the nearest habitat patch or the area of the habitat patch. () Design focused on local land-use type. These
studies compare pollinator communities among different habitat types. The surrounding landscape cover
and the spatial extent of the habitat type where pollinators are sampled are generally not reported.

Figure 4)]. Bees and butterflies both show strong negative responses to land-use change in extreme
systems, but more mixed responses in moderate systems (Supplemental Tables 2 and 3). Extreme
land use causes a strong decrease in abundance and/or richness (e.g., Aizen & Feinsinger 1994,
Koh & Sodhi 2004, Kremen et al. 2002, Ockinger & Smith 2006), whereas studies in moderately
anthropogenic landscapes find more varied responses (e.g., Bartomeus et al. 2010, Bergman et al.
2008).

Study designs that make comparisons across habitat types, rather than across landscape gra-
dients, find even fewer negative effects, and responses are predominantly positive for most taxa
(Supplemental Table 4). For bees, the ratio of negative-to-positive responses decreases from
8.2 for extreme landscape studies to 2.0 for moderate landscape studies, to 0.5 for across-habitat
comparisons. For butterflies, the ratios decrease from 6.0 to 3.0 to 1.1, respectively (Supple-
mental Tables 2-4). The responses of syrphid flies and vertebrates are difficult to interpret
due to the limited number of landscape-scale studies that have been conducted (Supplemental
Tables 2 and 3).

The reason why pollinator abundance and/or richness often decrease with increasing human
land use in the surrounding landscape, but increase with conversion of natural to anthropogenic

Winfree o Bartomeus o Cariveau



a Extreme habitat loss

Abundance (31) —e—

Richness (17) I

-14 -12 -10 -08 -06 -04 -02 00 0.2 0.4

Hedge’s d
b Moderate habitat loss
Abundance (20) ! ° : ]
Richness (13) I . ' |

-1.2 -1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 0.4
Hedge's d

Figure 4

A meta-analysis of bee responses to land use. Weighted-mean effect sizes for changes in bee abundance and
species richness in study systems where land use was (#) extreme (<5% natural habitat cover remaining in the
surrounding landscape, >1 km to the nearest natural habitat, or <I-ha habitat fragment) and (») moderate
(all other studies not classified as extreme). The effect size, Hedge’s 4, can be interpreted as the inverse-
variance-weighted difference in abundance or richness of bees between natural and disturbed conditions,
measured in units of standard deviations (Gurevitch & Hedges 2001). Positive values of 4 imply positive
effects of anthropogenic disturbance on bees, whereas negative d values imply negative effects. Error bars are
95% confidence intervals. Sample sizes are given in parentheses. Modified from Winfree et al. (2009).

habitat types, is difficult to discern using only the information reported in the published literature.
In particular, studies comparing across local land-use types rarely report the composition of the
surrounding landscape, thus leaving this variable uncontrolled. However, it seems probable that
the comparisons across local land-use types are, on average, studying land-use change at a smaller
spatial scale than are the comparisons across gradients in surrounding land cover. If this is the
case, then pollinators appear to respond increasingly negatively as both the spatial scale and extent
of land-use conversion increase. It is difficult to generalize on this point because the few studies
that have been designed to explicitly compare the relative effects of local habitat type conversion
with land-use change in the surrounding landscape have found mixed effects (Gabriel et al. 2010,
Haenke et al. 2009, Holzschuh et al. 2010, Koh & Sodhi 2004, Williams & Kremen 2007).
Furthermore, most of these studies contrasted organic versus conventional agriculture locally
rather than comparing natural to anthropogenic habitat types. Lastly, a related design has been
used in the context of pollinator restorations to investigate the effectiveness of small-scale habitat
restorations in different landscape contexts. These studies find an interaction between the local
and the landscape scales, such that the transition from locally unrestored to restored habitat results
in greater biodiversity benefits in intensively human-used landscapes (reviewed in Winfree 2010),
as originally hypothesized by Tscharntke et al. (2005).
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Specialist species:
species requiring
particular habitat
conditions or
resources

Biotic
homogenization:
an increase in the
taxonomic similarity
of biotas over time
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4.2. Habitat Type

The term land-use change encompasses a wide variety of actual habitat transitions, but in general
it creates more open or early successional habitats. This leads to the prediction that at least some
pollinator taxa will respond positively to land-use change. For example, although forest-specialist
bee species exist, bees in general are considered creatures of open habitats (Michener 2007, p. 4).
Likewise, in the temperate zone butterflies tend to be associated with open areas, although this is
less true in the tropics (Scoble 1995). Syrphid flies are often more abundant, and in some systems
more diverse, in open areas (Deans et al. 2007). We predicted that the type of habitats transitioned
to and from might be an important determinant of pollinator responses to land-use change with,
for example, forest-to-open transitions having different effects from open-to-open transitions. In
an analogous way, habitat identity mitigates the responses of multiple taxa to habitat edges (Ries
etal. 2004). Although overall the number of published studies is not sufficient to draw conclusions
regarding all specific pairwise transitions (Supplemental Tables 5-7), two patterns do emerge.

First, in comparisons across habitat types, pollinator abundance and/or species richness
are often lower in forests as compared to more open, anthropogenic habitats (Supplemental
Table 7). Tropical birds and bats, in particular, appear to benefit from agroforestry or logging in
many cases (T'scharntke et al. 2008, Willig et al. 2007). An important caveat, however, is that the
literature is dominated by studies of aggregate abundance and species richness, and these metrics
would not reveal changes in composition such as replacement of forest specialist species with
common generalist species (Tylianakis et al. 2005).

Second, many studies use moderately anthropogenic habitats such as grazed grasslands, fal-
low agriculture, and suburban gardens as the focal, good pollinator habitat. These seminatural
habitats are then compared to more intensive land use. In addition, some analyses combine native
vegetation (generally forest) with intensive anthropogenic land-use categories for analysis (e.g.,
Steffan-Dewenter et al. 2002). Most of these studies find that the loss of seminatural habitats has
negative effects on pollinators of various taxa (Kleijn & van Langevelde 2006, Krauss et al. 2009,
Krauss & Steffan-Dewenter 2003, Sjodin et al. 2008; see Supplemental Tables 5-7). This body
of work provides additional support for the hypothesis that moderate human land use is compatible
with the persistence of at least some pollinators (see sidebar, Habitat Heterogeneity, Common
Species, and Biotic Homogenization).

Rigorous comparisons of pollinator responses according to the type of anthropogenic habitat
transitioned to are not possible, because few habitat types other than agriculture have been investi-
gated (Supplemental Tables 8-10). The predominance of agriculture in the published literature
is representative of global land-use patterns, insofar as agriculture accounts for 38% ofice-free ter-
restrial land area worldwide, whereas urban/suburban settlements account for only 8% (Ellis et al.
2010). However, it leaves a research gap regarding pollinator responses to other types of land-use
transitions. For example, butterflies may be particularly negatively affected by urbanization, but
small sample sizes make this conclusion tentative (Supplemental Tables 8 and 10).

4.3. Floral Resources as a Mechanism Underlying Responses
to Land-Use Change

Although pollinators can diverge widely in life-history traits, they share a reliance on flowers
as a food source. Floral resources can be a limiting factor for populations of bees (Roulston &
Goodell 2011), Lepidoptera (Ockinger & Smith 2006, Summerville & Crist 2001), syrphid flies
(Kleijn & van Langevelde 2006, Meyer et al. 2009), birds (Lara 2006), and bats (T'schapka 2004).
The published studies that report quantitative measures for all three variables—land-use change,
floral density, and pollinator responses—suggest that pollinator responses track floral resources
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HABITAT HETEROGENEITY, COMMON SPECIES, AND BIOTIC
HOMOGENIZATION

Some studies find that moderate land use maximizes the richness and abundance of pollinators, including butterflies
(Blair 1999, Hogsden & Hutchinson 2004), bees (Kessler et al. 2009), and birds (T'scharntke et al. 2008). Low-level
anthropogenic land use may increase heterogeneity of habitats and resources, thus increasing niche diversity (Tews
et al. 2004). For example, pollinators could nest in forest habitats but forage in agricultural habitats (Klein et al.
2003). Consistent with this hypothesis, edges between different land-use types often show the highest diversity of
butterflies and bees (Brosi 2009, Hagen & Kraemer 2010, Ohwaki et al. 2007, Vu 2009). However, this pattern may
be driven by common species, thus masking effects on rare species and leading to homogenization on larger scales.
More studies of pollinator community composition are needed in order to determine whether biotic homogenization
is occurring. A related situation arises in a restoration context through agricultural policies that create pollinator
habitat on agricultural lands. Such programs may primarily benefit common species, which can persist in agricultural
landscapes (Kleijn et al. 2006). Such programs may even contribute to the decline of more vulnerable species
elsewhere if additional lands are converted to agriculture to make up production shortfalls (Hodgson et al. 2010).
Thus studies of species composition are needed in this context as well.

regardless of its directionality with land-use change. When floral resources decrease with land-use

change, pollinators decrease as well, whereas when floral resources increase with land-use change,
so do pollinators (see Supplemental Table 11).

4.4. Other Mechanistic Factors

A true predictive understanding of pollinators and land-use change would be based on knowledge

of the mechanistic factors that underlie pollinator response to each type of habitat type conversion.

However, mechanistic factors other than floral resources have rarely been measured for pollinators

in the context of land-use change. In particular, nest or oviposition site availability might be

important, but has scarcely been measured. Among bees, species nesting in existing cavities above

ground decrease with increasing land-use change (Williams et al. 2010), suggesting that these nest

sites are destroyed when habitats are converted. Conversely, bee species that nest in the ground

increase with land-use change (Williams et al. 2010), possibly because human activities improve

access to bare soil. For butterflies, mowing or grazing may have detrimental effects if it destroys
the plants on which females have oviposited (Johst et al. 2006). Nest site selection and success
in birds are often tied to vegetation structure, which clearly can change with land use (Smith

etal. 2009); however, we are not aware of studies investigating land-use change and nest selection

for pollinating birds. Some nectarivorous bats use tree hollows as roost sites, and these can be
destroyed by logging (Law 1993).

5. CHARACTERISTICS OF POLLINATORS

The broad groups of pollinators (bees, butterflies, flies, and vertebrates) do not show markedly

different responses to land-use change once study design is taken into account. Across taxa, the

species trait that is most often associated with vulnerability to land-use change is dietary spe-

cialization, with pollen-specialist bees, and fly and butterfly larval-host specialists, being the

most sensitive. Within each taxon, other biological differences among species explain some

variability, with nest site location and sociality being important in bees and mobility being impor-
tant in syrphid flies and butterflies.
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5.1. Are There Broad Differences Across Pollinator Taxa?

As far as we are aware, differential responses to land-use change among the primary pollinator
taxa have never been evaluated. There are multiple ecological differences across these groups
that might lead to differential responses to land-use change. Perhaps the most obvious is body
size, contrasting the insects with the mammals. However, predictions about response to land-use
change based on body size are difficult to make, due not only to a multiplicity of other factors
that vary between these groups, but also to contrasting expectations with regards to the effect of
body size. Small-bodied pollinators such as insects might require smaller areas in order to achieve
minimum viable population sizes, thus making them less sensitive to land-use change (T'scharntke
et al. 2002). Conversely, larger-bodied and therefore more mobile pollinators might be better
able to find resources throughout the landscape (Henle et al. 2004). When broad comparisons
are made across taxa using the ratio of negative-to-positive responses, without controlling for
study design, bees and butterflies appear to be the most sensitive to land-use change, whereas
vertebrates are the least sensitive (Table 1). However, a closer examination reveals that 80%
of vertebrate studies have used a study design that compares across local land-use types, and
such designs find fewer negative responses to land-use change regardless of taxon (Figure 3;
Supplemental Tables 2—4). When comparisons across taxa are made only within this study
design, few differences emerge across taxa (Supplemental Table 4). Similarly, studies that have
investigated the responses of multiple taxonomic groups within the same system have not found
stark differences (Supplemental Table 12). However, a meta-analysis focused exclusively on
tropical systems found that bees were negatively affected by conversion to agroforestry, whereas
nectarivorous birds benefited from moderate levels of agroforestry (T'scharntke et al. 2008).

5.2. Do Species Traits Explain Variation within Each Taxonomic Group?

Within each broad taxonomic group, species traits such as dietary or habitat specialization,
nesting requirements, body size, or sociality might mediate responses to land-use change. These
traits can have somewhat different meanings across the main groups of pollinators. For example,
dietary specialization in bees, or oligolecty, refers to species for which females collect pollen only
from one to a few genera or families of plants. In contrast, with a few notable exceptions such as
yucca moths, adult Lepidoptera and syrphid flies show little flower specialization, visiting mainly
open flowers with abundant nectar reward (Scoble 1995). Dietary specialization in butterflies
and syrphid flies thus refers not to adults, but to the breadth of host plants or prey items that
the larvae feed upon. In contrast to pollen specialization, nectar specialization is rare; thus, adult
pollinators that feed upon nectar alone, such as male bees, most butterflies, and vertebrates, are
mostly generalists (Michener 2007, Scoble 1995). Many nectarivorous bird and bat species are
even more generalist than the generalist insects, because they can forage on fruit or insects when
nectar is not available (T'schapka 2004).

The definition of nesting resources also varies across taxa. Syrphid flies and butterflies do not
have nests, but host specialists require particular plants for oviposition, or particular prey species.
Birds and bees both show wide variation across species in the resources they require for nesting,
ranging from use of certain types of preexisting cavities to particular plant species required as nest-
building materials. A number of nectarivorous bats use caves for roosts that may be susceptible
to anthropogenic activity. Lastly, the species trait of sociality applies primarily to bees, for which
roughly 6% of species are social (Michener 2007); the other pollinator taxa have few or no social
species.

In bees, a synthetic analysis of 19 data sets shows that nest location (discussed in Section 4.4
above) and sociality are the most important traits moderating response to land-use change
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(Williams et al. 2010). Several recent meta-analyses have found that social bees are more
negatively affected by land-use change than are solitary species (Ricketts et al. 2008, Williams et al.
2010, Winfree etal. 2009). Although the mechanism behind this effect is unknown, one hypothesis
is that pesticides bio-accumulate in the larger and more persistent nests of social species, thereby
increasing exposure at all life-history stages (Williams et al. 2010). Neither dietary (floral) spe-
cialization nor body size predicts responses to isolation from natural habitat in a synthetic analysis
(Williams et al. 2010), despite the fact that some work has found that floral specialist bees decline
more with land-use change (Biesmeijer et al. 2006, Cane et al. 2006, Kleijn & Raemakers 2008).

In butterflies and moths, a cross-continental analysis of 24 data sets found that species with
specialized larval diets, low mobility, and low reproduction are the most strongly affected by land
use (Ockinger et al. 2010). This result concurs with an independent analysis of the ecological
characteristics of threatened butterflies (Kotiaho et al. 2005). First, the idea that dietary specialist
species are the first to disappear is highly supported by multiple studies in different systems across
the world (Filippi-Codaccioni et al. 2010, Koh & Sodhi 2004, Littlewood 2008, Polus et al. 2007,
Stefanescu et al. 2009, Steffan-Dewenter & Tscharntke 2000; Figure 5). Second, low mobility,
measured as wing size, is also associated with negative responses, although this trend is more
pronounced in moths than in butterflies (Ockinger et al. 2010). This finding supports the idea that,
at least among Lepidoptera, more mobile organisms are better able to disperse and find suitable
habitat patches. Third, high reproductive rate can mitigate the negative effects of land use on highly
specialist species (Ockinger et al. 2010), and species with few generations per year are absent from
human habitats in some systems (Kitahara & Sei 2001). Lastly, endemics and species with small
ranges are most sensitive to land-use change (Bonebrake et al. 2010, Kitahara & Sei 2001).

As in butterflies, larval food source is an important determinant of syrphid fly response to land-
use change, with more generalist species being more resilient (Schweiger etal. 2007). In particular,
syrphid flies that consume aphids increase in agricultural settings, whereas some phytophagous
and saprophagous species decrease (Meyer et al. 2009, Schweiger et al. 2007). Syrphid flies with
greater mobility are less susceptible to land-use changes (Schweiger etal. 2007, Sommaggio 1999).

We know of no studies that have examined the relationship between species-level traits of
flower-visiting vertebrates and the response to land-use change. In fact, feeding guild itself is an
important trait determining bird and bat responses to land use, with nectarivorous species being
more resilient to land-use change, as compared to other feeding guilds (T'scharntke et al. 2008,
Willig et al. 2007).

6. RESEARCH METHODS AND BIASES

In this section, we review methodological issues relevant to the interpretation of the literature on
pollinators and land use. First, most published studies report species richness and/or aggregate
abundance as the outcome variables. More studies of species composition are needed in order to
detect changes such as trade-offs between disturbance-sensitive and disturbance-associated species.
If such trade-offs occur they could lead to biotic homogenization at larger scales (Olden 2006).
Second, land-use change is usually studied by comparing habitats across space, whereas studies
of land-use change over time are scarce. Although the results of studies using space as opposed
to time designs do not appear to differ at present, more studies over time are needed. Third, the
contrasting results found by studies using different spatial designs (discussed in Section 4 above)
raise scope of inference issues. In addition, most of the published studies investigating changes
in pollinator communities along land-use gradients have been done in systems characterized by
extreme human land use. This may not represent a random sample, with respect to land-use
change, of all global ecosystems.
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6.1. Response Variables

In this section we consider the frequency with which various measures have been used to represent
pollinator response to land-use change and how the choice of response variables may influence
the conclusions reached. We highlight the lack of studies of species composition, which severely
limits our understanding of pollinators and land-use change thus far.

6.1.1. Does species composition change more than abundance and richness? Richness and
abundance are simple indices that are useful in evaluating large-scale trends, but they can mask
changes in the identity or composition of species, and such changes may be the main result of
anthropogenic land use (Barlow et al. 2007, Lewis 2009). When composition changes more than
abundance and richness, this implies that some species increase with land-use change while others
decrease. Such changes can lead to biotic homogenization if the subset of species that persist in
anthropogenic habitats become widespread at the expense of species adapted to particular natural
habitat types.

Few studies of bees report community composition, but those that do find it to be more sensitive
to land-use change than are abundance and richness (Brosi et al. 2007, Hannon & Sisk 2009). A
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Contrasting responses of richness and abundance to land-use change. Each point represents the correlation
between landscape diversity (which is negatively associated with arable land cover in this system) and either
syrphid fly abundance or richness at each radius (meters). Adapted from Meyer et al. (2009).

repeated finding in bee communities is that native species decrease and feral honey bees (Apis
mellifera) increase with increasing land-use change (Aizen & Feinsinger 1994, Brosi et al. 2008).
In butterfly studies, composition is more often reported, and it is consistently more sensitive to
land use than are richness and abundance. However, the precise pattern of change varies among
studies. In some cases, composition changes mainly due to the loss of particular species from the
more anthropogenic habitats, such that composition is nested (Ockinger & Smith 2006). Even in
the opposite case, in which natural habitats have lower richness, the natural habitats can support
species not found elsewhere, thus indicating the importance of the natural habitat type (Natuhara
etal. 1999, Spitzer et al. 1993). A third pattern shows similar richness in both land-use types, but
with widely divergent community composition (Ohwaki et al. 2007, Summerville & Crist 2003).
In such cases, composition effects can be driven by the presence of widespread generalist species
in more anthropogenic habitats, accompanied by the loss of specialist species (Balmer & Erhardt
2000, Stefanescu et al. 2005).

Most studies on syrphid flies are conducted across agricultural land-use gradients, and forest-
associated and phytophagous species are often absent from the most agricultural sites, leading
to decreases in species richness with increasing land-use change (Meyer et al. 2009, Schweiger
et al. 2007). At the same time, the smaller number of species whose larvae consume aphids or
other crop pests often increase with agriculture, leading to stable or even increasing abundance
with land-use change (Meyer et al. 2009; Figure 6). All of this work suggests that the focus on
abundance and richness is too simplistic and misses important patterns, such as the replacement
of forest-dependent species with disturbance-associated species.

6.1.2. Reproduction as an outcome variable. Outcome variables related to population growth
rate, such as reproductive success or nest density, would be very useful in predicting the effects of
land-use change on pollinators. Unfortunately, these variables have rarely been reported, probably
because they are difficult to measure. The few studies of bee nesting or reproduction as a function
of land use show mixed effects (Goulson et al. 2010, Holzschuh et al. 2010, Williams & Kremen
2007). We were unable to find quantitative studies of butterfly or fly reproductive success as
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a function of land-use change, probably because the lack of a central nest site complicates the
monitoring of such variables.

6.2. Issues of Space and Time

Most studies of land-use change are conceptually focused on land-use transitions—that is, changes
in land use over time—but in practice collect data simultaneously in land-use contexts, thus substi-
tuting space for time. Because the assumptions of this substitution are rarely validated, it is worth
asking whether designs based on time achieve results similar to those based on space. Few studies
have used an across-time design, but those that do have found results broadly consistent with
the across-space designs. For example, among butterflies, extinctions occur mainly in specialist
species over time (Nilsson et al. 2008, Ohwaki et al. 2008, Polus et al. 2007, Stefanescu et al.
2009). In a tropical forest fragmentation experiment, hummingbird species either remained stable
or increased following deforestation, and they remained stable for the following 20 years (Stouffer
et al. 2006). This is consistent with the largely neutral-to-positive responses of nectarivores to
tropical forest loss generally (T'scharntke et al. 2008).

A related concept, which can be investigated using either time or space designs, is time-delayed
extinctions or extinction debt. Among bees, extinction debt has been found for particular floral
specialists but not for other taxa (Cane et al. 2006). A pan-European study of 147 fragmented
grassland remnants found support for the extinction debt hypothesis for vascular plants, but not
for specialist butterflies (Krauss et al. 2010). However, in a similar study system, butterfly species
requiring large habitat areas do show signs of extinction debt (Sang et al. 2010).

A final issue related to historical land-use transitions is that they can act as a filter on pollinator
communities, which may now be dominated by species that are relatively robust to human land
use. Thus, contemporary studies finding little effect of land-use change may be biased insofar as
the sensitive species were lost before the studies were conducted (Figure 5).

6.3. Scope of Inference

The scope of inference for published studies of pollinators and land-use change will be global in
scope only if the systems that have been studied thus far represent a globally random sample with
respect to land use. We can use the published studies of pollinators and surrounding land use
(Supplemental Tables 2-3) to do a preliminary assessment of this issue. Using the criteria for an
extremely anthropogenic system described in Section 4 above, 75% of bee studies, 55% of but-
terfly studies, 84% of fly studies, and 45% of vertebrate studies have been conducted in extremely
anthropogenic systems. Thus, a research bias may exist wherein researchers have chosen to study
pollinators and land-use change in systems that have already experienced greater than average
land conversion. Conversely, a research bias may exist in the opposite direction if researchers have
chosen systems where they expect to find sufficient numbers of native pollinators to study and
these systems have less land conversion than average. This bias would lead to an underestimate of
the actual global effects of land-use change on pollinators. Robust inferences about the effects of
land-use change on pollinators globally will need to take into account the actual distribution of an-
thropogenic and natural systems, as compared to the systems where pollinators have been studied.

SUMMARY POINTS

1. Pollinator responses to land-use change are more often negative than positive, but are
characterized by high variability.
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2. Pollinator responses vary according to study design, being largely negative in comparisons
across gradients in surrounding landscape cover and largely positive in comparisons across
local land-use types. In addition, pollinator responses are more strongly negative in study
systems that have already experienced extreme land-use change.

3. Pollinators respond more consistently to the directionality of change in floral resources
with land-use change than they do to land-use change itself.

4. The most prominent trait associated with vulnerability to land-use change across taxa
is dietary specialization, with pollen specialist bees, and fly and butterfly larval host
specialists, being most sensitive.

5. Conclusions thus far are largely based on measures of aggregate abundance and species
richness. More studies of species composition and relative abundance are needed in order
to understand which pollinators are lost and gained with land-use change.

FUTURE ISSUES
Guaps in knowledge resulting from research bias:
1. Are the systems in which pollinators and land use have been studied a random sample

of all global systems, with respect to land use? The answer determines the appropriate
scope of inference for the published literature.

2. What is the role of extinction debt in explaining long-term changes in pollinator com-
munities? A time lag can exist between land use and the loss of native species, yet very
few studies of pollinators have considered time since land-use change took place. A re-
lated bias is that the historical baseline for what species were present before any land-use
change took place is rarely known, thus potentially biasing contemporary studies if sen-
sitive species are no longer present.

Moving beyond species richness:

3. How does pollinator species composition change with land use? Are disturbance-sensitive
species replaced with disturbance-associated species, leading to biotic homogenization?
As of yet, the great majority of studies have focused on aggregate abundance and species
richness alone, leaving these questions largely unexplored.

Identifying mechanisms:
4. What are the mechanisms underlying pollinator responses to land-use change? Mecha-
nisms other than floral resources have scarcely been investigated.

Future scenarios:

5. How are future trends in land use likely to affect pollinators? Agricultural land area in
particular is predicted to increase greatly with the increasing human population (Tilman
et al. 2001). What are the trade-offs for pollinators between intensifying agriculture
within existing agricultural areas (the land sparing approach) and using larger areas in
a more biodiversity-compatible way (the wildlife-friendly farming approach; Hodgson
et al. 2010)? What interactions might there be between land use and climate change
(Forister et al. 2010)?
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