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Abstract

Pollination is a critical ecosystem service affected by various drivers of land-use change, such as policies and programs
aimed at land resources, market values for crop commodities, local land-management decisions, and shifts in climate. The
United States is the world’s most active market for pollination services by honey bees, and the Northern Great Plains provide
the majority of bee colonies used to meet the Nation’s annual pollination needs. Legislation requiring increased production
of biofuel crops, increasing commodity prices for crops of little nutritional value for bees in the Northern Great Plains, and
reductions in government programs aimed at promoting land conservation are converging to alter the regional landscape
in ways that challenge beekeepers to provide adequate numbers of hives for national pollination services. We developed a
spatially explicit model that identifies sites with the potential to support large apiaries based on local-scale land-cover
requirements for honey bees. We produced maps of potential apiary locations for North Dakota, a leading producer of
honey, based on land-cover maps representing (1) an annual time series compiled from existing operational products and
(2) a realistic scenario of land change. We found that existing land-cover products lack sufficient local accuracy to monitor
actual changes in landscape suitability for honey bees, but our model proved informative for evaluating effects on suitability
under scenarios of land change. The scenario we implemented was aligned with current drivers of land-use change in the
Northern Great Plains and highlighted the importance of conservation lands in landscapes intensively and extensively
managed for crops.
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Introduction Socioeconomic factors are exerting considerable influence on
decisions affecting land use in the Northern Great Plains of North
America, a region of major agricultural production [4] and the
most important area for production of continental waterfowl
populations [5], [6]. The area’s significance for conservation in the
United States has influenced various federal, state, and nongov-
ernmental entities to protect lands in the region from agricultural
development. The U.S. Department of Agriculture administers
various programs that target delivery of ecosystem services,
through traditional agricultural crop programs to voluntary
conservation programs. The Conservation Reserve Program

ecosystem services, from supporting to cultural, provisioning, and (CRP) [7] is the largest of the latter and has received considerable
regulating services [3]. Socioeconomic factors cause dynamic,

often unforeseen, fluctuations and shifts in land use, so adaptive
modeling systems that are quantitatively linked to monitoring

Maintaining human prosperity and quality-of-life standards
requires landscapes that sustainably deliver ecosystem services
valued by society. Decisions that improve the sustainability of
landscapes call for information on the simultaneous responses of
multiple ecosystem services to changes in land use and climate as a
more comprehensive approach to safeguard against unintended,
and potentially negative, outcomes of land management or policy
actions [1]. Changes in land use and climate clearly alter how
ecosystems function within any given landscape [2], affecting all

recognition from an array of conservation interests [8], [9], [10].
The program enables landowners to enroll or re-enroll eligible

A ’ farmland for 10- or 15-year contracts during specified sign-up
activities provide both the feedback on landscape responses

needed to inform decision makers and the basis for continued
model improvement [2].

periods or on a continuous basis for priority conservation

practices, such as to support pollinators and wetlands.
Euro-American settlement of the Northern Great Plains

brought conversion of vast tracts of grassland to cropland, and
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while grasslands continue to be converted to cropland, periods in
recent decades have seen some reversal of that land-change
dynamic [11], [12], [13], [14], [15]. Satellite imagery revealed a
notable return of cropland to grassland in years following
inception of the CRP [11], as landowners realized increased land
values resulting from enrollment in the program [16]. Land
conversion since the mid-2000s has favored cropland over
grassland, likely influenced by the convergence of technological
advances in agriculture, a push for renewable energy from
biofuels, and rising commodity prices [17], [18], as well as crop
msurance and disaster relief programs [12].

As incentives have risen for landowners to maximize crop
acreages, Congress has reduced total allowable acreage enroll-
ments for the CRP. The highest cap allocated for the program was
39.2 M acres (15.9 M ha; note, we report here the measurement
units used in the legislation and federal reports) during 2002-2007
[19]. From 2008-2013 the cap was lowered about 20% to 32 M
acres (12.9 M ha) [20]. Actual acres enrolled in CRP nationally
have dropped more than 27% since the peak of the program in
2007. Reductions in enrollment in the Northern Great Plains
exceeded national rates. North Dakota’s peak enrollment was
338.9 K acres (137.1 K ha) in 2007, dropping 53% by 2013. The
latest Farm Bill [21] specifies further, annual decrements of total
allowable acres, from 27.5 M acres (11.1 M ha) in 2014 to 24 M
acres (9.7 M ha) by 2017.

Concurrent interests in achieving national energy independence
[22], new technology (e.g., genetically modified crops) [23], and
strong economic incentives for production of agricultural crops in
recent years have resulted in many private landowners converting
expiring CRP acreage back into agricultural production, especially
for biofuel and feedstock crops. The impact of a land-use shift of
this magnitude on the ecosystem services delivered from the
Northern Great Plains has been the subject of recent investigations
on carbon sequestration [8], [9], wildlife habitat provisioning [10],
[24], sediment reduction [9], and others. Several studies underway
in the Northern Great Plains are evaluating the importance of the
region for meeting the needs of national pollination services, an
industry now valued at $29B (USD) annually, with about $19B
attributable to honey bees [25]. No quantitative evaluations have
been conducted, however, to assess how future land-use shifts may
affect national pollination services.

There have been increasing concerns about declines in
pollinators over past decades [26], [27], but it was the major loss
of honey bees to Colony Collapse Disorder in 2007 that brought
pollination services into national focus and caught the attention of
the U.S. Congress and the public [28], [29]. Approximately 70%
of the world’s flowering plants rely on pollinators [30]. In the
United States, the agricultural industry depends heavily on the
pollination services of honey bees, a commercially managed insect
[31], and the Nation is the world’s most active market for their
pollination services [32]. Numbers of managed honey bee colonies
in the United States have declined by 60% since the 1940s [29],
[33], while the proportion of crops in the agricultural industry that
rely on their pollination services has increased [33]. In recent years
rates of overwintering losses in colonies have been around 30% in
the United States [34], much higher than the 18% loss rate
beekeepers anticipate on average [35], and there is a concomitant
perception of waning bee health [36]. Annual reports dating back
to the mid-1980s also show a downward trend in national honey
production [37], [38], [39], [40], [41], [42], [43], [44], [45].

A principal contributor to declines in honey bees (as well as
native bees) is the loss of floral sources of pollen and nectar in the
landscape [30], [46], [47]. Worldwide, conversion of land cover
has been extensive, typically to support agriculture [48]. These
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shifts, along with trends in using synthetic fertilizers rather than
rotations of nitrogen-fixing cover types (e.g., clover, alfalfa) that are
beneficial to bees, challenge bees to find sufficient floral sources
[30]. Understanding how land-use change affects honey bees and
other pollinators is one element needed to inform decisions
affecting development of sustainable management paradigms for
delivering ecosystem services to society.

The Northern Great Plains carries great importance for U.S.
honey production and pollination services. Commercial beekeep-
ers from states as far away as coastal areas transport honey bees to
the prairies each summer to produce honey, a crop valued at more
than $256.5M nationally in 2011, with about 50% of the
contribution coming from the Northern Great Plains [49]. The
region typically produces most of the Nation’s honey [37], [38],
[39], [40], [41], [42], [43], [44], [45], but the importance of the
area extends far beyond the honey crop. In 2011, over one million
colonies of bees were maintained in the region during the summer,
representing nearly 40% of the total number of colonies in the
United States. Essentially, all of these bees are transported
throughout the Nation at other times of the year to pollinate a
large variety of crops, often making multiple stops in different
geographic locations. Although there have been no quantitative
assessments, honey bees that spend the summer in the Northern
Great Plains are thought to provide 60-85% of the pollination
needs for the entire Nation (Dr. Jeff Pettis, U.S. Department of
Agriculture-Agricultural Research Service, personal communica-
tion). The summer locations beekeepers use for honey production
in the Northern Great Plains have tremendous influence on the
nutritional status and health of honey bees because foods,
especially pollen, collected and stored in hives during the summer
are the primary sources for nutrition during winter and other times
when natural foods are unavailable. Land-cover types with
abundant supplies of polyfloral and nutritious pollen are known
to positively influence honey bee health through improved
immune system function [50].

Although CRP lands in the Northern Great Plains have
abundant polyfloral sources of pollen for pollinators, there is little
information available to quantify the magnitude of that ecosystem
service across large geographic extents or its contribution to
national pollination services. Government policies and programs
that target land resources exert influence on land-management
decisions at the local level. Decisions are made parcel by parcel,
but tend to accumulate to regional patterns of change [51] and can
have substantial influence on ecosystem services over broad scales.
Agencies that manage land resources or administer policies and
programs focused on land resources seek consistent ways to
evaluate outcomes of land management for ecosystem services.
Ideally, these evaluations also could be conducted in a proactive
context to inform decisions about policies, programs, and
management actions. Within the context of developing sustainable
management paradigms for landscapes, ecosystem services that are
provided in one geographic location but are dependent upon
conditions from other locations require special attention because
they are subject to different interests and support groups [52].
Provisioning national pollination services for agricultural crops is a
good example because most beekeepers are migratory and
transport honey bees from pastoral locations used for honey
production to distant locations for pollinating a variety of
agricultural crops [53].

We describe here a prototype model we developed to quantify
the influence of land use on honey bees in the Northern Great
Plains to inform decisions affecting conservation programs that
target delivery of national pollination services. Our objectives were
to (1) develop an approach to map regional-scale habitat suitability

June 2014 | Volume 9 | Issue 6 | €99268



for honey bees based on their nutritional needs from the local
landscape, (2) evaluate the efficacy of available land-cover data for
monitoring effects of interannual land-cover change on landscape
suitability for honey bees, and (3) demonstrate how our approach
can be used to assess outcomes for honey bees from drivers of
land-cover and land-use change. These objectives are the
foundation for a module on honey bees in a larger, integrated
assessment tool developed to evaluate effects of policies, programs,
climate, and other drivers of land change simultaneously across
multiple ecosystem services [54].

Materials and Methods

We prototyped our approach for North Dakota, the Northern
Great Plains state with the highest production of honey among all
50 states in most years [37], [38], [39], [40], [41], [42], [43], [44],
[45]. We identified local landscape criteria for honey bees and
designed a spatially explicit model to locate places in the North
Dakota landscape that could meet these land-cover requirements.
We used available land-cover data to map interannual changes in
landscape suitability, then applied our model to these maps as well
as to maps we developed to fit a scenario based on recent drivers of
land-use change.

Landscape criteria for honey bees

We specified landscape criteria based on industry standards
professional beekeepers use to place hives in the Northern Great
Plains. These criteria consider the potential of sites to produce
honey crops and to provide the nutrition needed to ensure the
health of honey bees. We developed landscape criteria to support
apiaries of 100 hives (Table 1, “original criteria”). This is
approximately twice the number of hives a commercial beekeeper
would maintain in an average apiary setting for this part of the
country; however, competition for locations to place hives in the
summer is high, and it is common to find multiple apiaries of 40—
48 or more hives placed within overlapping forage ranges by
multiple beekeepers. In many cases the cumulative stocking rate
for a local landscape may exceed 100 hives.

Modeling approach

Apiaries in the Northern Great Plains typically are maintained
in grassland settings within proximity of roads so hives can be
transported. Therefore, we first identified grassland settings
sufficient in size to place commercial numbers of hives. We
merged information from two sources to develop a map of
grassland cover. We used proprietary data on lands with
graminoid/herbaceous land treatments enrolled in the CRP [7].
These data were delineated by the Farm Service Agency with
orthoimagery of high spatial resolution (typically one to several
meters), and boundaries were very accurate for our type of
application. For non-CRP lands we relied on grassland cover
mapped from satellite data by the North Dakota Gap Analysis
Program (NDGAP) [55]. The NDGAP data had lower spatial
resolution (30 m) and only a fair level of mapping accuracy for
grasslands (somewhat better than 50%), but provided wall-to-wall
data on land cover with sub-classes that allowed us to exclude
saline and sand prairie grasslands, which we deemed unlikely to
provide good floral conditions for honey bees. We merged
NDGAP and CRP grasslands into a single map, then fragmented
the resulting grassland areas by intersecting them with the road
network for North Dakota [56] to measure accessibility for
transporting hives.

North Dakota requires beekeepers to register locations of their
apiaries by the “quarter section” designation from the United
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States public land survey system [57]. We used the areal extent of
a quarter section, approximately 65 ha (160 ac in the U.S. land
system), as a minimum size threshold for eliminating grassland
polygons that were less likely to support 100 bee colonies. We also
eliminated grassland polygons that were too far from road access
via information from a national gridded layer representing
Euclidean distance to the nearest road [58], [59]. The road
network across North Dakota largely is laid out as a grid of north-
south and east-west routes, with road spacings of a mile (1620 m;
although, many farms also have field access roads every half-mile
or quarter-mile). We rationalized that grassland areas more than a
mile from the nearest public road would be infeasible for a
beekeeper to place hives; thus, we removed grassland areas having
centroids (approximate centers) farther than 1620 m (1 mi) from a
road. Only 0.6% of the area of the state was farther than a mile
from the nearest public road, and most of this area was associated
with badlands, river breaks, and large expanses of water (e.g.,
reservoirs). In total this criterion removed of 0.2% of the grassland
centroids from further consideration as potential apiary sites.
Remaining grassland polygons were at least 65 ha in size and had
edges within reasonable proximity to road access. We considered
the locations of centroids of these remaining polygons as potential
apiary sites, though in reality an apiary could be sited anywhere
within a grass polygon.

We needed to quantify acreages of desired land-cover types (per
Table 1, “original criteria”) within forage distance from potential
apiary sites. Forage distance for honey bees varies based on floral
availability, landscape structure, and ambient conditions, such as
from wind (e.g., [60], [61], [62]), but beekeepers typically look for
sites providing good cover types within a distance of about 3.2 km
from the hive [63], defining a forage area of 3255 ha around an
apiary. We developed a separate map layer for each land-cover
class of interest, determining that we needed to use a common
spatial resolution of 10 m across all layers to retain certain
important features (see section on “Compiling annual maps of
land cover™).

Conceptually, we wanted to move a circular forage window
across North Dakota to summarize land-cover classes at each
potential apiary location. This is a challenge for geospatial
analytical software at the 10-m spatial resolution we used because
each land-cover layer 1s well over 47,000 rows by 77,100 columns,
and a circular forage window would encompass about 325,500
cells and require geometric calculations to determine which cells
fell within the forage radius around an apiary centroid. We
overcame these challenges with a modified moving-window
approach (Figure 1). First, we applied a 10x10 rectangular
moving window over each 10-m binary map to calculate the
proportion per hectare of the respective land-cover type, then
saved the results at a 100-m (one ha) cell size, yielding output
layers having 0.01 times the number of cells of the original, binary
layers. For example, if the original maps showed that a 10-
cell x10-cell area contained 30 cells of grassland, 35 cells of non-
suitable cover (such as corn and roads), 20 cells of alfalfa, and 15
cells of sunflowers, the resulting ha-sized cell would carry the
information of 30% grassland, 20% alfalfa, 15% sunflowers, and
35% other (although the information for each cover type would be
stored as a separate map layer, as shown in Figure 1). Second, we
applied a 57x57 rectangular moving window (dimensions needed
to survey acreage comparable to the forage area around an apiary)
across each 100-m raster layer to calculate the amount of each
cover type within forage distance from the center of the window,
advancing the window one cell (100 m) at a time. We avoided the
compute-intensive, circular moving window with a square window
of the closest possible areal match to the size of the desired forage
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throughout the growing season in the Northern Great Plains.
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Table 1. Landscape criteria used to identify potential locations for apiaries that would ensure sources of pollen and nectar

Typical timing of flowering for major beneficial cover types in the Northern Great Plains

Deciduous trees/shrubs®: Second half of May

Canola: First 3 weeks in June

Oilseed sunflowers: 3rd week of July through end of August

Original criteria:

=65 ha (160 ac®) deciduous trees/shrubs

=130 ha (320 ac) CRP® grassland or comparable mixed grass/forb cover
=65 ha (160 ac) alfalfa

=65 ha (160 ac) oilseed sunflowers

=65 ha (160 ac) canola

presence of surface water®

Relaxed criteria:

=130 ha (320 ac) CRP® grassland or comparable mixed grass/forb cover

=130 ha (320 ac) any combination of alfalfa, oilseed sunflowers, and canola

CRP® grassland and comparable mixed grass/forb: 3rd week of June through end of growing season (sometime in September)

Second-crop€ alfalfa: Mid-July through end of growing season (sometime in September)

houses.

land cover with good sources of pollen and nectar.

doi:10.1371/journal.pone.0099268.t001

area. Given the imprecision of land-cover data and forage
behavior by bees (influenced by wind, air temperature, and floral
density, in addition to land cover type), having a round, rather
than square, window was not worth the extra processing burden
for a statewide application. Third, we summarized acreages across
land-cover types within forage distances around all 100-m cells
that had been identified as potential apiary locations to determine
which sites met the areal thresholds for required land-cover types
(per Table 1).

Compiling annual maps of land cover

We compiled annual land-cover maps from multiple sources, as
no single source provided all information needed to assess
landscape suitability for bees. We encountered expected differ-
ences in data vintages, resolutions, and origins (see Table S1 for
information sources), as well as product quality. We used the
Cropland Data Layer produced annually by the National
Agricultural Statistics Service (NASS) [64] for information on
alfalfa (Medicago sativa), canola (a group of cultivars developed from
Brassica napus and B. campestris), and sunflowers (Helianthus annuus),
the three crop types needed for our analysis. All three types have
been distinguished annually in map products in North Dakota
since 2002, prior to which alfalfa was aggregated with grassland
hay crops not nutritious for bees. We used information on woody
cover types from the same two sources we used for grassland cover,
the CRP and NDGAP products. The dataset for CRP-enrolled
lands contained information on the vyears for which the
conservation treatments were under contract, which enabled us
to update our land-cover maps annually for both woody and
grassland parcels. The NDGAP data we used for the remainder of
the landscape was a single, static map derived from a collection of
Landsat imagery spanning 1992-1998. We amended the NDGAP
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?Occurrence of deciduous trees and shrubs in the Northern Great Plains generally is limited to windbreaks, fence lines, riparian corridors, and landscaping around
PLand enrolled in the Conservation Reserve Program. Of particular interest for honey bees are grasslands rich in leguminous species because they offer long-flowering
“The first cutting of alfalfa for hay typically is done prior to blooming, but flowers are present following re-growth between subsequent cuttings.

dAcres (ac) are the unit of measure for the property system in the United States and are provided here because they relate to multiples of standard crop field sizes.
®Bees collect water for evaporative cooling in the hive, so our criteria recognize this landscape requirement in addition to sources of pollen and nectar.

information with the relatively high-resolution wetland cover
delineated by the National Wetlands Inventory (NWI) [65], as
bees need sources of water and wetlands typically are poorly
represented in land-cover products generated from the mid-
resolution satellite data used by NDGAP [66]. The NWI map was
derived from high resolution orthoimagery, but similar to the
NDGAP product, represented a static depiction of wetlands
derived from a collection of different orthophoto dates mosaicked
across North Dakota.

The annual maps we assembled spanned 2002, the earliest year
for which we could distinguish all three crop types of interest,
through 2006, the latest year for which we had annual data on
CRP-enrolled lands (although, we later received updated data on
CRP enrollments that enabled the example application we
describe in the next section). We filled the remainder of the
landscape each year with data from the static NDGAP and NWI
product sources. We processed all geospatial data in an equal-area
map projection (following parameters used by the U.S. Geological
Survey for the conterminous United States, see [67]) to maintain
appropriate areal properties. All land-cover information was
converted to raster layers of 10-m cell size, the spatial resolution
needed to retain features from the finest-grained sources, the CRP
and NWI data. We developed binary maps (1” for presence and
“0” for absence) for each land-cover type of interest, including
alfalfa, canola, oilseed sunflowers, grasslands (CRP grasslands and
NDGAP [non-saline and non-sandy] grasslands), wetlands, and
woodlands (CRP and NDGAP woodlands).

Assessing outcomes from a scenario of land change

We used a scenario that captured contemporary drivers of
change in the Northern Great Plains to evaluate if our model
could reflect influences from programs and policies on landscape
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Figure 1. Geospatial processing schematic for compiling annual land-cover maps. We extracted land-cover components needed to meet
criteria shown in Table 1 and saved them as separate gridded layers at 10-m cell resolution to retain needed spatial detail. We then summarized the
proportion of area per hectare for each land-cover type (except wetlands, for which we recorded only presence/absence) and saved results as
separate gridded layers at 100-m cell resolution to reduce the dimensions of the data layers. We used a moving filter of 57 x57 cells to tally land-cover
elements over an area comparable with the forage zone for honey bees, and queried the tallies for grassland locations we previously had identified as
potential sites for placing apiaries. Figure abbreviations: NASS - National Agricultural Statistics Service, CRP - Conservation Reserve Program, NDGAP
- North Dakota GAP Analysis Program, NWI - National Wetlands Inventory.

doi:10.1371/journal.pone.0099268.9001

suitability for honey bees. Owners of agricultural lands in North
Dakota have been avid participants in the CRP. Nationwide,
approximately 28 million acres (11.3 M ha) under CRP contract
were set to expire between 2007 and 2010 [68]. During that same
time frame, production pressures for corn-based ethanol and
soybean biodiesel, the two major crops used to produce biofuels in
the United States [69], [70], were on the rise [71], [72] from
requirements for substantial increases in national use of renewable
fuels [22]. In addition, commodity prices for corn and soybeans
have been trending upwards since the mid-2000s [73]. We
therefore compiled land-cover maps for 2002 and 2010 to capture
conditions before and after the convergence of these pivotal
influences of land-use change.

Initial results from the analysis of landscape suitability (discussed
in the “Results” section) motivated us to modify some of the source
information for this scenario application. We used CRP land-cover
information, as before, but changed the second source of data on
grasslands and woody cover from NDGAP to the 2001 National
Land Cover Database (NLCD) [74]. The NLCD offered notably
better mapping accuracy [75] than the NDGAP product [55]
(Table S2), though did not provide information distinguishing
sandy and saline grassland subtypes. For cropland information we
extracted pixels from NASS maps for 2002 and 2010 across all
crop types to obtain general extent of cropland for each of the
years, and used specific information for canola and sunflowers to
distinguish those two cover types. The accuracy for alfalfa on the
NASS cropland maps was not very high; total acreages
represented for alfalfa departed considerably from statistics
reported from ground-based surveys conducted by NASS.
Mapped alfalfa was 16x the acreage reported from ground-based
surveys for 2002 and 5x the acreage reported for 2010 [76]. In
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addition, the distribution of alfalfa pixels tended to have a
“shotgun” appearance, with many isolated pixels scattered across
the landscape, rather than occurring in contiguous patches as
would be expected for agricultural fields.

We developed our own maps of potential alfalfa distribution
with remotely sensed data from the Landsat Enhanced Thematic
Mapper sensor obtained through the Web Enabled Landsat Data
(WELD) online distribution site [77], [78]. WELD data are terrain
corrected and spectrally calibrated to top-of-atmosphere reflec-
tance. We used the data layer for the Normalized Difference
Vegetation Index, a data transformation that highlights photo-
synthetic activity in plants [79]. We targeted the WELD composite
for October because it is a month in which alfalfa remains green in
the Northern Great Plains after other cover types (with the
exception of some grasses) have senesced for the season. For 2010
we used the WELD composite for November to fill any data gaps
in the October composite. The year 2002 was exceptionally cloudy
for North Dakota overpasses, so we substituted data from 2003,
with the rationale that alfalfa is managed on a four- to eight-year
rotation cycle in the Northern Great Plains [80], therefore
minimizing potential differences in the distribution of alfalfa
between 2002 and 2003. We filled data gaps in the WELD
October composite for 2003 with information from the WELD
Autumn composite for that year, as the November composite was
contaminated with widespread clouds and snow. To generate
distributions of alfalfa we simply selected thresholds of green
biomass response that resulted in relatively comparable total
acreages reported from the 2002 and 2010 NASS ground-based
surveys. We had no means to determine the accuracy of our
results, but were satisfied we had usable examples for the scenario
application, given total acreage tallies and the fact our maps had
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Figure 2. Predicted apiary locations resulting from original versus relaxed criteria for 2006. The original criteria resulted in only one
apiary site identified (circle shows forage zone for this apiary), but relaxed criteria resulted in many more potential sites. Beekeepers often install
apiaries in close proximity to one another in good landscapes such that forage zones are overlapping, as would be the case in this figure.

doi:10.1371/journal.pone.0099268.g002

much more contiguous patches of alfalfa than did the NASS
cropland maps. Still, our alfalfa maps also captured grassy areas
that remained green late in the year, such as along drainage
courses, in other depressional areas, and in urban settings. We
make no claim as to how well our land-cover compilations
represented actual North Dakota land-cover patterns for 2002 and
2010 (other than the CRP data would have been fairly accurate),
but our maps did provide total acreages of key land-cover types in
amounts approximating those reported by NASS.

Results

Output from the modeling approach

A relatively sparse number of locations met our initial land-
cover criteria. We found the requirements likely were challenged
by limitations in the source information we used for the annual
land-cover maps. Less than half the woodlands in the landscape
actually had been mapped correctly as woodlands in the NDGAP
product [55], which made it hard to meet the acreage criterion for
early season flowering shrubs and trees. Meeting certain crop
requirements also was difficult. For example, in 2006, only 20% of
the alfalfa was mapped accurately in the cropland data layer [81],
meaning that 80% of the alfalfa in the actual landscape was not
classified as alfalfa in the crop map. We relaxed the land-cover
criteria to overcome these limitations in the source data (see
Table 1, “Relaxed criteria”), then re-ran the landscape model.
The model was able to find many additional locations that could
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meet the relaxed criteria (Figure 2), though these locations might
not support apiaries as large as the 100 colonies our original
criteria were defined to support.

North Dakota requires that all apiaries be registered with the
state by quarter-section legal units, so we obtained (from the North
Dakota Department of Agriculture, Beekeepers Association) and
mapped annual registered locations of apiaries for visual
comparison with potential apiary locations produced by our
model (Figure 3). We did not perform a quantitative comparison
between modeled and registered sites because registered apiary
sites can contain any number of beehives (based on the discretion
of the beekeeper), and our model was parameterized to identify
landscapes that could support large apiaries. Also, once a
beekeeper registers an apiary location, they tend to re-register
that same location over time, regardless if they stock it with bees,
as most beekeepers do not own the property on which their hives
are located and are motivated to maintain ongoing agreements
with landowners. To validate this assumption we constructed a
time series of registered apiary locations for North Dakota from
1981 (90 registered sites) to 2010 (10,054 registered sites). We
found that the total number of sites increased every year (e.g.,
Figure 3B-C shows registered sites in 2002 and 2010, respectively),
and rarely did any site drop from the registry. We selected 2002 to
compare the distribution of locations identified with our model
and registered locations for apiaries (Figure 3) because that year
had the highest rates of mapping accuracy in the cropland maps
for the three crop types of interest. An informal visual comparison
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Mapping Landscape Suitability for Honey Bees

Figure 3. Predicted versus registered apiary locations (note: 1 dot=1 apiary location). The cropland data we used had the highest
mapping accuracies for the three crops of interest in 2002 (metadata on accuracy for all years is available through [82]). The distribution of sites we
predicted to support large apiaries in 2002 (A) shares general similarities with apiaries registered for 2002 (B). Distribution of registered sites has
grown more dense over time, as shown by a map of sites registered for 2010 (C). Hand-delineated areas of particular agreement (1, 2, and 3) and
disagreement (4 and 5) of point distribution patterns between predicted and registered apiaries in 2002 (D), as described in the Discussion.

doi:10.1371/journal.pone.0099268.g003

revealed general similarities in statewide patterns of predicted
locations and locations registered by beekeepers, but a notable
difference is our model did not identify many locations for large
apiaries in the southeastern part of North Dakota, though many
apiary sites have been registered there (Figure 3D, area 5).

Annual maps of land cover

Our annual series predicting potential apiary locations revealed
a legacy of patterns from the mosaic of Landsat imagery used by
NASS to develop the crop-type maps, particularly for years 2002—
2004 (Figure 4). Despite such issues associated with satellite image
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boundaries, many suitable locations were identified throughout the
central swath of the state in all years. In contrast, we found few
locations in the eastern, southeastern, and central-west parts of the
state for any year (Figure 3D, areas 1, 2, and 5). Interestingly, our
model consistently predicted a dense distribution of potential
locations in south-central North Dakota that is not echoed by the
record of registered apiaries (Figure 3D, area 4).

Assessing outcomes from a scenario of land change

An important motivation to evaluate effects of land change on
honey bees is to provide information on how resource manage-
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Figure 4. Effects of mosaicking satellite images for mapping
crop types on subsequent application of resulting crop maps
(note: 1 dot=1 apiary location). Annual predicted apiary sites for
2002-2006 and Landsat scene boundaries (map A) from (side-lapping)
north-south orbital paths. The influence of satellite scene boundaries on
the crop-type maps derived from the set of Landsat overpasses needed
to provide statewide coverage of cloud-free data are most apparent in
our apiary predictions for 2002-2004 (note dashed lines). The various
dates of imagery pieced together to provide statewide coverage of data
often represent differences in phenological timing or other environ-
mental conditions, making it difficult for image analysts or algorithms
to detect comparable cover types across scenes [66]. This example
highlights limitations of current large-area land-cover products for
applications such as ours that rely on local-scale landscape compo-
nents.

doi:10.1371/journal.pone.0099268.g004

ments programs and policies can influence pollination services. We
highlighted predicted locations that depended on CRP-enrolled
lands to meet criteria for siting apiaries (Figure 5). Landowners
throughout North Dakota participate in the CRP, but the benefits
for honey bees may best be realized in the eastern/southeastern
part of the state, where our model found few locations outside of
CRP-enrolled lands to meet the criteria for siting large apiaries.
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® Apiary centered in CRP*-enrolled grassland
Apiary centered in other grassland

*CRP: Conservation Reserve Program

Figure 5. Influence of the Conservation Reserve Program (CRP).
In this map we distinguish potential apiary sites that met criteria only
because CRP-enrolled grasslands provided a suitable place for locating
hives. This example shows how our model could be used to distinguish
contributions to apiary-friendly landscapes from different sources of
land management.

doi:10.1371/journal.pone.0099268.g005

Our results for the scenario application representing pre- and
post-incentive years to expand production of biofuel crops
revealed a reduction in landscape suitability for large apiaries
between 2002 and 2010 (Figure 6). The model identified 10%
fewer locations for large apiaries in 2010 than in 2002 across all
potential grassland centroids, but the decrease in centroids located
in CRP parcels was 60%. The number of CRP-enrolled polygons
available as potential apiary centroids in North Dakota declined
by about 15% between 2002 and 2010, but geographically this
decrease represented 24% less surface area enrolled in the
program in North Dakota. Coupled with changes in the
surrounding land cover, much of the CRP land remaining in
2010 was unable to meet the local landscape criteria for large
apiaries. This was most evident in eastern North Dakota, but
substantial reduction in CRP-related sites was evident throughout
most of the state.

Discussion

Our approach to assess landscape suitability for honey bees
provides the foundation for a module in a larger, integrated
framework to assess multiple ecosystem services simultaneously to
inform decisions on land management and policy, as well as
evaluate outcomes from government conservation investments
[54]. Competing drivers of change in the agricultural industry can
have substantial influence on the Nation’s ability to sustain the
annual demand for pollination services by honey bees. For
example, conservation programs supported by the Food, Conser-
vation, and Energy Act of 2008 [20], which generally amended the
conservation programs from earlier farm legislation (e.g., the CRP
was 1n the Food Security Act of 1985 [83], have encouraged
increased acreage of floral sources beneficial for bees. Conversely,
the Energy Independence Security Act of 2007 [22] laid
requirements for considerable increases in the volume of biofuels
produced over the next decade, which currently encourages
expansion of acreage in corn and soybeans, crops that provide
little nutritional value for bees in the Northern Great Plains. The
model we developed enables assessing outcomes from such
competing influences on landscape suitability for honey bees.
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Figure 6. Results from a scenario of land-use change (note: 1 dot=1 apiary location). A scenario influenced by high commodity prices and
incentives to expand production of biofuel crops resulted in a loss of local landscapes suitable for apiaries. The distribution of all grassland centroids
meeting criteria to support large apiaries in 2002 (A), prior to land-change incentives, is more extensive than in 2010 (B), subsequent to incentives.
The same is true for the distribution of CRP centroids that met the apiary criteria in 2002 (C) versus 2010 (D).

doi:10.1371/journal.pone.0099268.9006

Output from the modeling approach

Informal visual comparison of the distribution of locations
predicted by our model for 2002 with registered locations of
apiaries for that year exhibited some general similarities (Figure 3).
Both maps depict ample landscape opportunities for apiaries
throughout the central swath of the state. Both maps agree the
arid, erosional landscapes of the badlands and river breaks in
western North Dakota and the crop types of the wall-to-wall
cropland in the Lake Agassiz Plain in eastern North Dakota hold
lower value for honey bees (Figure 3D, areas 1 and 2, respectively),
and the maps show a strong pattern of agreement for the
distribution of good apiary locations in the Missourt Plateau
(Figure 3D, area 3). The maps differ most in the southeastern part
of the state (Figure 3D, area 5), where our model found few
locations for supporting large apiaries, yet many apiary sites are
registered. It is likely these apiaries support far fewer colonies than
in more floristically diverse landscapes elsewhere in the state,
though this has not always been the case. According to beekeepers
who have operated in southeastern North Dakota for many
decades, it was rare to see corn or soybean crops in this area a
decade ago, but now there is extensive cropland planted in corn,
soybeans, and wheat, which are not very nutritious for bees
(although, soybean varieties grown elsewhere in the United States
can be beneficial for honey bees at times). In previous decades,
southeastern North Dakota had many more acres of CRP, alfalfa,
sunflowers, and canola (Doug Ruby, Ruby’s Apiaries, personal
communication). Data from the Farm Service Agency show that
land enrollment in the Conservation Reserve Program for
southeastern counties of North Dakota totaled 103,856 ha in
1990, rose to 163,472 ha by 2000, then dropped to 135,553 ha by
2010, and continues to drop (120,874 ha by 2013) [84]. Maps
produced by the U.S. Department of Agriculture for the
agricultural census series show the distribution of alfalfa has been
decreasing in southeastern North Dakota since at least 1978
(though we note there is no indication canola or oilseed sunflowers
were grown in much quantity in this part of the state during the
past few decades [85], [86], [87], [88], [89]. Migratory beckeepers
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have little flexibility for shifting their operations to new regions of
North Dakota to accommodate changes in land cover and instead
adjust the sizes and numbers of colonies per apiary to compensate
for diminished acres of forage. Given the current cropland types
grown wall-to-wall in southeastern North Dakota, the benefits of
land enrolled in conservation programs there can be especially
important for supporting honey bees, an outcome highlighted by
our model results (Figure 6). Beekeepers in that area have
experienced sharp declines in honey yields as a result of these
changing cropping trends, and have been required either to reduce
per-site hive allotments or to abandon sites (Doug Ruby, Ruby’s
Apiaries, personal communication). In contrast, our model found
more locations for supporting apiaries than were reflected by the
distribution of registered sites in the southern part of the Prairie
Cloteau Slope region (see Figure 3D, area 4). The distribution of
registered apiaries is not very dense in this area, but our model
found plenty of locations suitable for apiaries across all years
(Figure 4) because the area had many CRP-enrolled parcels,
abundant acreage in oilseed sunflowers, and moderate acreages in
alfalfa and mixed grass prairie.

Results from our analyses helped us identify several ways to
refine our model. First, the approach we developed to identify
potential apiary locations was successful in implementing local
landscape requirements across a statewide extent, but the all-or-
nothing recipe for 100 hives is limiting. A shift from a model based
completely on expert opinion to one developed statistically from
data on number of hives and honey production relative to
landscape setting would enable predicting suitability across a range
of apiary sizes, as well as contribute information towards
understanding how land-cover changes in the Northern Great
Plains could affect the supply of honey bee colonies for national
pollination needs. Second, we also should incorporate seasonal
influences from weather into our model because of effects on plant
flowering and nectar flow. Even if land-cover types were held
constant across years, different weather conditions would provide
substantially more or substantially less pollen and nectar because
of variations in moisture and growing degree days. Third, we used
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Figure 7. Approach we used versus future algorithm modifi-
cation for identifying potential grassland sites for placing
apiaries. We identified centroids (grassland locations for potential
apiary sites) based on criteria for minimum extent of grassland acreage
and proximity to roads (A). Density of potential site locations would
increase if, instead of using grassland centroids, we applied the spatial
framework of the U.S. Public Land Survey System used for registering
apiary locations (B). We could maintain our same criteria for grassland
extent and road access, but could have multiple apiaries within a large
grassland patch, a situation that often occurs in the actual landscape.
Figure abbreviations: CRP - Conservation Reserve Program, NDGAP -
North Dakota GAP Analysis Program, PLSS - Public Land Survey System.
doi:10.1371/journal.pone.0099268.9g007

centroid locations within grassland patches that met criteria for
areal extent and proximity to roads to identify potential apiary
sites. For future model refinement we could retain the areal and
proximity requirements for grasslands, but instead use centroids
from the legal mapping units (quarter sections) that beekeepers
register. This would densify the number of point locations around
which we could analyze land-cover components (Figure 7) and
would better mimic the concentration of overlapping forage areas
we have observed in situ with commercial apiaries.
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Using available land-cover data to monitor annual
changes in landscape suitability for honey bees

The data we assembled to compile a land cover time series for
North Dakota were a mix of annual and static information, and
the vintages of the static sources were not always well matched to
the annual sources. The Northern Great Plains have had low rates
of annual land-cover conversion (typically a fraction of a percent of
the total area per year) [11] during the years of our analysis and in
preceding decades, providing some reassurance our assembled
landscapes were relatively representative of this rather stable
region of the United States. The principal land-change dynamic in
the Northern Great Plains during this period was the influence of
the CRP [11], for which we did have temporally dynamic data, as
well as annual changes in crop types, for which we had the annual
NASS data. One implicit assumption in our approach, however,
was that grasslands were suitably rich in season-long floral sources.
We know of no data on the floral components of land cover
(except for isolated, local cases) and currently have no means to
refine this assumption.

For initial trials of our model we used the NDGAP land-cover
product because it offered an array of grassland and woodland
subclasses that allowed us to discard those we expected to be poor
for bees. The downside to using this product was relatively low
rates of mapping accuracy for grassland and woodland classes. For
that reason we used non-cropland land-cover information from
the NLCD for our subsequent example application because
NLCD had a better rate of accuracy for mapping woodland and
grassland cover (Table S2) [75], [90], [91]. In addition, the NLCD
provided land-cover products for 1992, 2001, and 2006 [74],
which we could more easily crosswalk (than the single NDGAP
product) to the vintages of our other land-cover information, and
the NLCD continues to provide new national maps of land cover.

Until recently, annual mapping of land cover for the United
States has been untenable at mid-resolution spatial scales.
Improvements in technology and free access to Landsat data
[92] have advanced this capability, as evidenced by national-scale
annual products from NASS [64]. The methods employed to
classify land-cover types across extensive geographic areas,
however, produce maps better suited for applications that
summarize outcomes at regional scales, rather than applications
like ours that rely on local-scale accuracy. The results we
generated based on annual land-cover maps compiled from
NASS, NLCD, and NDGAP data inherited patterns of inaccura-
cies from those maps (e.g., Figure 4) that underscore limitations in
the current state of operational development of large-area land-
cover products. These maps fall short of the accuracy and
precision needed for local-scale applications such as ours, an
observation that has been noted elsewhere (e.g., [93]). Our
algorithm relies on tallying land-cover components within a 3.2-
km radius around each potential apiary site throughout the state.
Local errors in individual pixels therefore can have strong
influence on our results. We conclude that current operationally
produced land-cover maps do not provide sufficient local accuracy
for monitoring landscape suitability for honey bees. This finding
underscores the need for those conducting similar habitat
assessments to exercise caution in reporting shifts in landscape
suitability and to evaluate if they signal mapping inaccuracies,
rather than true landscape change.

There are legitimate reasons for the errors in operational-scale
land-cover products. Spatiotemporal ambiguities in the spectral
characteristics of land cover make it difficult to optimize a
classification system for all cover types at once for all places in the
landscape [66], [94], as demonstrated by image pattern effects on
our annual results (Figure 4). For this reason, NASS focuses on
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Table 2. Comparison of acreage planted in 2002 and 2010 in North Dakota for corn and soybeans, the major crop types used to
produce biofuels in the United States, versus other cover types that provide important sources of pollen and nectar for bees.

Hectares planted in 2002 (reported

Hectares planted in 2010 (reported

CRP-enrolled lands® 1,346,345 (3,326,883)
497,765 (1,230,000)

1,080,515 (2,670,000)

Corn?

Soybeans?

1,100,510 (2,719,413)
829,610 (2,050,000)
1,659,220 (4,100,000)

Commodity acres®) acres®) Change in hectares (change in acres®)
Alfalfa® 44,515 (110,000) 32,375 (80,000) —12,140 (—30,000)

Canola® 526,095 (1,300,000) 518,000 (1,280,000) —8095 (—20,000)

Sunflowers® 554,420 (1,370,000) 358,150 (885,000) —196,270 (—485,000)

—245,835 (—607,470)
331,845 (820,000)
578,705 (1,430,000)

doi:10.1371/journal.pone.0099268.t002

optimizing their annual land-cover algorithms for a handful of
important crops, though their maps do distinguish numerous other
crop types. NASS assesses mapping accuracy for all crop types, but
not for other classes of land cover. Hence, although the availability
of annually updated, wall-to-wall maps of land cover is attractive
for a growing population of users, the NASS maps are best
employed for applications centered on the land-cover classes
NASS maps with high accuracy. The metadata for the NASS
cropland data layers we used (via [95]) showed the accuracy for
mapping alfalfa in 2002, for example, ranged from 19% to 95%
for different parts of North Dakota, and for 2004, ranged from
40% to 97%. The accuracy for mapping canola across North
Dakota ranged from 88% to 97% in 2002 and from 86% to 99%
in 2004. Likewise, the accuracy for mapping sunflowers varied
from 80% to 99% in 2002 and 63% to 99% in 2004. The best
rates of mapping accuracy at the statewide level across all years
were achieved in 2002 (77% accuracy for alfalfa, 93% for canola,
and 90% for sunflowers). However, even in this year when 77%
percent of the land area planted in alfalfa was correctly mapped as
alfalfa, the commission rate for that cover type was 55%, meaning
that over half the time a pixel was called “alfalfa’ it was not really
alfalfa on the ground. This type of error likely contributed to the
great density of locations we identified as suitable for large apiaries
in 2002 compared with other years (Figure 4). We found far fewer
locations that met our landscape criteria in 2006, which likely was
more an artifact of a change in mapping methods used by NASS
than a change in crop distribution. The NASS product for 2006 is
much cleaner in appearance than in previous years, but does not
provide improved mapping accuracy (alfalfa in 2006 had 80%
omission error and 39% commission error; see [82]). One way
NASS might improve mapping accuracy for alfalfa is to extend the
range of seasonal dates of Landsat imagery they use. Alfalfa, along
with some grasses, in the Northern Great Plains is one of the
earliest cover types to become green in the spring, and remains
green into the fall after other cover types have senesced.

Using the model to assess outcomes for honey bees from
a scenario of land-cover change

Although we found that the land-cover products currently
available lack sufficient local accuracy to enable monitoring of
actual landscape suitability for honey bees, our model does achieve
the goal to provide a way to evaluate how different policies,
programs, and market incentives could influence land cover and
alter landscape suitability for honey bee colonies. Land-cover
maps can be developed to meet various scenario criteria (e.g.,
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Data are from probability-based surveys of farmers conducted by the U.S. Department of Agriculture [76].
PData are total acres enrolled, provided online by the U.S. Department of Agriculture [97].
“Acres are the unit of measure for the property system in the United States and are reported in the literature we accessed for U.S. agricultural statistics.

[96]), and our model then could be applied to assess how
distribution patterns of apiary locations would be affected.

The scenario we employed showed marked differences in
landscape suitability prior and subsequent to agricultural and
energy drivers currently influencing change in the Northern Great
Plains (Figure 6). The landscapes we assembled met reported
abundances of crop types important for bees in amounts
comparable to those reported by NASS from ground-based
sources. Ground-based statistics for 2002 and 2010 indicated
decreases in acreages for alfalfa, canola, sunflowers, and CRP-
enrolled land, and corresponding increases in acreages of corn and
soybeans, the two major crop types associated with biofuels
(Table 2) [98]. Further corroboration for shifts in land cover that
affected landscape suitability is offered by the U.S. Department of
Agriculture’s findings that native grasslands were converted to
croplands in the Northern Great Plains at a rate of about 1%
(311,610 ha) per year from 1997-2007 [12], and that acreage in
principal crops for North Dakota increased 117,765 ha between
2002 and 2010 [71], [99]. Also, as of 2010, North Dakota was
among the top ten U.S. states for production of ethanol and
biodiesel, and the amount of corn used for production of biofuels
has increased sharply since 2002 [100].

Conclusions (and Future Directions)

We developed a modified moving-window approach to tally
land-cover components within local-scale proximity to potential
apiaries for statewide or larger regional assessments of landscape
suitability for honey bees. Our work responds to a need to estimate
effects from various scenarios of land change that can result from
major drivers such as market values, shifts in climate, or how
national programs and policies for land resources are implement-
ed. Because the approach is sensitive to local-scale information,
results based on existing land cover time series generated from
remotely sensed data may reveal more about limitations in land-
cover products than about actual land-cover change. Our model
therefore currently is more valuable for assessing outcomes from
different scenarios of land-use change than for monitoring actual
changes in landscape suitability. New approaches for monitoring
land-cover change with remotely sensed data are emerging (e.g.,
[101], [102]) that eventually will enable our model to be used as a
monitoring tool in addition to a scenario-assessment tool.

Our model was parameterized based on expert opinion for a set
of land-cover criteria sufficient in floral sources to support apiaries
of approximately 100 hives. These criteria highlighted the best
landscapes for bees in North Dakota, but is not very representative
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of the range of numbers of hives commercial beekeepers typically
place in apiaries. Having demonstrated a method that successfully
implements local-scale criteria across a large geographic extent,
our future efforts will focus on developing a more sophisticated
model to provide predictions covering a more realistic spectrum of
apiary sizes and environmental conditions. This would be a move
towards estimating the number of colonies that could be
contributed from the Northern Great Plains to meet national
pollination demands under different land-change scenarios.

Our motivation to develop an approach to assess landscape
suitability for honey bees is to support a larger, integrated effort to
evaluate multiple ecosystem services in concert. This capability is
needed to provide information for land resource agencies and
policy makers on potential outcomes for ecosystem services from
drivers of change. Our initial efforts already have highlighted the
importance of conservation lands for honey bees in landscapes
extensively cropped in cover types having little pollen or nectar
value for bees. Incorporating our model into the larger, integrated
framework of ecosystem service models [54] will provide a more
balanced assessment to support decisions related to policy,
programs, and other drivers of land-use and land-cover change.

References

1. Euliss NH Jr, Smith LM, Wilcox DA, Browne BA (2008) Linking ecosystem
processes with wetland management goals: Charting a course for a sustainable
future. Wetlands 28: 553-562.

2. Euliss NH Jr, Smith LM, Liu S, Feng M, Mushet DM, et al. (2010) The need
for simultaneous evaluation of ecosystem services and land use change. Environ
Sci Technol 44: 7761-7763.

3. Millennium Ecosystem Assessment (2005) Ecosystems and human well-being:
Synthesis. Washington DC: Island Press. 137 p.

4. National Agricultural Statistics Service (2009) 2007 Census of agriculture
Summary and state data. U.S. Department of Agriculture, Volume 1
Geographic Area Series, Part 51, AC-07-A-51. 739 p.

. Batt BDJ, Anderson MG, Anderson CD, Caswell FD (1989) The use of prairie
potholes by North American ducks. In: van der Valk AG, editor. Northern
prairie wetlands. Ames: Iowa State University Press. pp. 204-227.

6. Smith AG, Stoudt JH, Gallop JB (1964) Prairie potholes and marshes. In:
Lindiska JP, editor. Waterfowl tomorrow. Washington DC: U.S. Fish and
Wildlife Service. pp 39-50.

7. Farm Service Agency (2008) Conservation Reserve Program (CRP) benefits:
water quality, soil productivity and wildlife estimates. U.S. Department of
Agriculture Fact Sheet. Available: http://www.fsa.usda.gov/Internet/FSA_
File/factsheet_crp_bennies.pdf. Accessed 2012 July 20.

8. Euliss NH Jr, Gleason RA, Olness A, McDougal RL, Murkin HR, et al. (2006)
North American prairie wetlands are important nonforested land-based carbon
storage sites. Sci Total Environ 36: 179-188.

9. Gleason RA, Laubhan MK, Euliss NH Jr (2008) Ecosystem services derived
from wetland conservation practices in the United States Prairie Pothole
Region with an emphasis on the USDA Conservation Reserve and Wetland
Reserve Programs. U.S. Geological Survey Professional Paper 1745. 58 p.

. Haufler JB (2005) Fish and wildlife benefits of Farm Bill conservation programs:
2000-2005 update. Wildl Soc Tech Rev 05-02.

. Auch RF, Sayler KL, Napton DE, Taylor JL, Brooks MS (2011) Ecoregional
differences in late-20"-century land-use and land-cover change in the U.S.
Northern Great Plains. Great Plains Res 21: 231-243.

. Claassen R, Carriazo F, Cooper JC, Hellerstein D, Ueda K (2011) Grassland to
cropland conversion in the Northern Plains — the role of crop insurance,
commodity, and disaster programs. U.S. Department of Agriculture, Economic
Research Report EER-120. 77 p.

. Gutmann MP, Parton W], Cunfer G, Burke IC (2005) Population and
environment in the U.S. Great Plains. In: Entwisle B, Stern PC, editors.
Population, land use, and environment: research directions: National
Academies Press. pp. 84-105.

. Hartman MD, Merchant ER, Parton W], Gutmann MP, Lutz SM, et al. (2011)
Impact of historical land-use changes on greenhouse gas exchange in the U.S.
Great Plains, 1883-2003. Ecol. Appl. 21: 1105-1119.

. Sylvester KM, Brown DG, Deane GD, Kornak RN (2013) Land transitions in
the American plains: multilevel modeling of drivers of grassland conversion
(1956-2006). Agric Ecosyst Environ 168: 7-15.

. WuJJ, Lin H (2010) The effect of the Conservation Reserve Program on land
values. Land Econ 86: 1-21.

. Hellerstein D, Malcolm S (2011) The influence of rising commodity prices on
the Conservation Reserve Program. U.S. Department of Agriculture,
Economic Research Service ERR-110.

&

PLOS ONE | www.plosone.org

12

Mapping Landscape Suitability for Honey Bees

Supporting Information

Table S1 Information on source data.

(DOCX)

Table 82 Accuracy of grassland and woody land cover
in maps from the National Land Cover Database and the
North Dakota GAP Analysis Program.

(DOCX)

Acknowledgments

We benefitted from reviews by S. Hyberg, J. Walker, D. vanEngelsdorp
(PLOS ONE academic editor), and two anonymous reviewers on earlier
versions of this paper.

Author Contributions

Conceived and designed the experiments: NHE ALG ZB. Performed the
experiments: ALG. Analyzed the data: ALG. Contributed reagents/
materials/analysis tools: ALG NHE. Wrote the paper: ALG NHE.

. Stubbs M (2007) Land conversion in the Northern Plains. Washington, D.C.:
Congressional Research Service Report for Congress RL33950. 13 p.

. Farm Security Act of 2002 (U.S. Public Law 107-171). Available: http://www.

gpo.gov/fdsys/pkg/PLAW-107publ171/html/PLAW-107publ171.htm. Ac-

cessed 2014 March 19.

Food, Conservation, and Energy Act of 2008 (U.S. Public Law 110-246).

Available: http://www.gpo.gov/fdsys/pkg/PLAW-110publ246/html/PLAW-

110publ246.htm. Accessed 2014 March 19.

Agricultural Act of 2014 (U.S. Public Law 113-79). Available: http://www.gpo.

gov/fdsys/pkg/BILLS-113hr2642enr/pdf/BILLS-113hr2642enr.pdf. Ac-

cessed 2014 March 19.

Energy Independence Security Act of 2007. Available: http://www.gpo.gov/

fdsys/pkg/PLAW-110publ140/html/PLAW-110publ140.htm. Accessed 2014

March 19.

Fernandez-Cornejo J (2012) Biotechnology and seed use for major U.S. crops.

In: Osteen C, Gottlieb J, Vasavada U, editors. Agricultural resources and

environmental indicators, 2012 Edition. U.S. Department of Agriculture,

Economic Research Service, Economic Information Bulletin 98. pp. 18-20.

Balas CJ, Euliss NH Jr, Mushet DM (2012) Influence of conservation programs

on amphibians in the prairie pothole region. Wetlands 32: 333-345.

. Calderone NW (2012) Insect pollinated crops, insect pollinators and US
agriculture: Trend analysis of aggregate data for the period 1992-2009. PLoS
One 7(5): €37235. doi:10.1371/journal.pone.0037235.

. National Research Council (2007) Status of pollinators in North America.
Washington DC: The National Academies Press. 307 p.

. Johnson R (2007) Recent honey bee colony declines. Congressional Research

Service Report for Congress, R1.33938.

Skokstad E (2007) The case of the missing hives. Science 316: 970-972.

Pettis JS, Delaplane KS (2010) Coordinated responses to honey bee decline in

the USA. Apidologie DOI: 10.1051/apido/2010013.

Spivak M, Mader E, Vaughan M, Euliss NH Jr (2011). The plight of the bees.

Environ Sci Technol 46: 34-38.

Morse RA, Calderone NW (2000) The value of honey bees as pollinators of

U.S. crops in 2000. Bee Cult 128: 1-15.

Rucker RR, Thurman WN, Burgett M (2012) Honey bee pollination markets

and the internalization of reciprocal benefits. Am J Agric Econ 94: 956-977.

Aizen MA, Harder LD (2009) The global stock of domesticated honey bees is

growing slower than agricultural demand for pollination. Curr Biol 19: 1-4.

vanEngelsdorp D, Caron D, Hayes ], Underwood R, Henson M, et al. (2012) A

national survey of managed honey bee 2010-2011 winter colony losses in the

USA: results from the Bee Informed Partnership. J Apic Res 51: 115-124.

vanEngelsdorp D, Jayes J Jr, Underwood RM, Pettis JS (2010) A survey of

honey bee colony losses in the United States, Fall 2008 to spring 2009. J Apic

Res 49: 7-14.

Johnson %, Corn ML (2013) Bee health: background and issues for Congress.

Congressional Research Service Report, R43191.

U.S. Department of Agriculture, National Agricultural Statistics Service.

Honey: final estimates for 1986-1992. Statistical Bulletin Number 912.

Available: http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.

do?documentID = 1520. Accessed 2014 March 17.

U.S. Department of Agriculture, National Agricultural Statistics Service.

Honey: final estimates 1993-1997. Statistical Bulletin Number 956. Available:

20.

21.

22.

23.

24.

28.
29.

30.
31
32.
33.

34.

35.

36.

37.

38.

June 2014 | Volume 9 | Issue 6 | €99268


http://www.fsa.usda.gov/Internet/FSA_File/factsheet_crp_bennies.pdf
http://www.fsa.usda.gov/Internet/FSA_File/factsheet_crp_bennies.pdf
http://www.gpo.gov/fdsys/pkg/PLAW-107publ171/html/PLAW-107publ171.htm
http://www.gpo.gov/fdsys/pkg/PLAW-107publ171/html/PLAW-107publ171.htm
http://www.gpo.gov/fdsys/pkg/PLAW-110publ246/html/PLAW-110publ246.htm
http://www.gpo.gov/fdsys/pkg/PLAW-110publ246/html/PLAW-110publ246.htm
http://www.gpo.gov/fdsys/pkg/BILLS-113hr2642enr/pdf/BILLS-113hr2642enr.pdf
http://www.gpo.gov/fdsys/pkg/BILLS-113hr2642enr/pdf/BILLS-113hr2642enr.pdf
http://www.gpo.gov/fdsys/pkg/PLAW-110publ140/html/PLAW-110publ140.htm
http://www.gpo.gov/fdsys/pkg/PLAW-110publ140/html/PLAW-110publ140.htm
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1520
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1520

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51,

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

67.

http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.
do?documentID =1520. Accessed 2014 March 17.

U.S. Department of Agriculture, National Agricultural Statistics Service.
Honey: final estimates 1998-2002. Statistical Bulletin Number 992. Available:
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.
do?documentID = 1520. Accessed 2014 March 17.

U.S. Department of Agriculture, National Agricultural Statistics Service.
Honey: final estimates 2003-2007. Statistical Bulletin Number 1025. Available:
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.
do?documentID = 1520. Accessed 2014 March 17.

U.S. Department of Agriculture, National Agricultural Statistics Service.
Honey report 2009. Released 27 February 2009. Available: http://usda.
mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID = 1191.
Accessed 2014 March 17.

U.S. Department of Agriculture, National Agricultural Statistics Service.
Honey report 2010. Released 26 February 2010. Available: http://usda.
mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID = 1191.
Accessed 2014 March 17.

U.S. Department of Agriculture, National Agricultural Statistics Service.
Honey report 2011. Released 25 February 2011. Available: http://usda.
mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID = 1191.
Accessed 2014 March 17.

U.S. Department of Agriculture, National Agricultural Statistics Service.
Honey report 2012. Released 30 March 2012. Available: http://usda.mannlib.
cornell.edu/MannUsda/viewDocumentInfo.do?documentID = 1191. Accessed
2014 March 17.

U.S. Department of Agriculture, National Agricultural Statistics Service.
Honey report 2013. Released 18 March 2013. Available: http://usda.mannlib.
cornell.edu/MannUsda/viewDocumentInfo.do?documentID = 1191. Accessed
2014 March 17.

Naug D (2009) Nutritional stress due to habitat loss may explain recent
honeybee colony collapses. Biol Conserv 142: 2369-2372.

Di Pasquale G, Salignon M, Le Conte Y, Belzunces LP, Decourtye A, et al. (2013)
Influence of pollen nutrition on honey bee health: do pollen quality and diversity
matter? PLoS One 88(8): €72016. DOI: 10.1371/journal.pone.0072016.

Gallant AL, Klaver RW, Casper GS, Lannoo MJ (2007) Global rates of habitat
loss and implications for amphibian conservation. Copeia 2007: 967-979.
National Agricultural Statistics Service (2012) Honey Report ISSN:1949-1492.
Alaux A, Ducloz F, Crauser D, Le Conte Y (2010) Diet effects on honeybee
immunocompetence. Biol Lett doi:10.1098/rsbl.2009.0986.

Auch RF, Drummond MA, Sayler KL, Gallant AL, Acevedo W (2012) An
approach to assess land-cover trends in the conterminous United States (1973—
2000). In: Giri C, editor. Remote sensing of land use and land cover. Boca
Raton: CRC Press. pp. 351-368.

Tuvendal M, Elmqvist T (2011) Ecosystem services linking social and ecological
systems: River brownification and response of downstream stakeholders. Ecol
Soc 16(4): 21. Available: http://dx.doi.org/10.5751/ES-04456-160421. Ac-
cessed 2013 November 2.

U.S. Department of Agriculture (1980) Beekeeping in the United States.
Washington DC: Agriculture Handbook 335. 193 p.

Euliss NH Jr, Smith LM, Liu S, Duffy WG, Faulkner SP, et al. (2011)
Integrating estimates of ecosystem services from conservation programs and
practices into models for decision makers. Ecol Appl 21: S128-S134.

. Strong LL, Sklebar TH, Kermes KE (2005) A GAP analysis of North Dakota,

final report. Jamestown: U.S. Geological Survey. 118 p.

Broome FR, Godwin LS (2003) Partnering for the people: improving the U.S.
Census Bureau’s MAR/TIGER database. Photogramm Eng Remote Sens 69:
1119-1123.

Stewart LO (1935) Public land surveys. Reprinted 1976. Minneapolis: The
Meyers Printing Co. 202 p.

Watts RD (2005) Distance to nearest road in the conterminous United States.
U.S. Geological Survey: Fact Sheet 2005-3011.

Watts RD, Compton RW, McCammon JH, Rich CL, Wright SM, et al. (2007)
Roadless space of the conterminous United States. Science 316: 736-738.
Beekman M, Ratnicks FLW (2000) Long-range foraging by the honey-bee, Apis
mellifera L. Funct Ecol 14: 490-496.

Hagler JR, Mueller S, Teuber LR, Machtley SA, Van Deynze A (2011)
Foraging range of honey bees, Apis mellifera, in alfalfa seed production fields.

J Insect Sci 11: 1-12.

Steffan-Dewenter I, Kuhn A (2003) Honeybee foraging in differentially
structured landscapes. Proc R Soc Lond B Biol Sci 270: 569-575

Dadant MG (1946) The apiary. In: Grout RA, editor. The hive and the
honeybee: a new book on beekeeping to succeed the book Langstroth on the
hive and the honeybee. Hamilton: Dadant & Sons. pp. 290-299.

Boryan C, Yang Z, Mueller R, Craig M (2011). Monitoring US agriculture: the
US Department of Agriculture, National Agricultural Statistics Service,
Cropland Data Layer Program. Geocarto Int 2011: 1-18.

Wilen BO, Bates MK (1995) The US Fish and Wildlife Service’s National
Wetlands Inventory project. Vegetatio 118: 153-169.

. Gallant AL (2009) What you should know about land-cover data. J Wildl

Manage 73: 796-805.
Multi-Resolution Land Characteristics Consortium (MRLC): National Land
Cover Database, Frequently asked questions. Available http://www.mrlc.gov/

faq_dau.php. Accessed 2012 July 20.

PLOS ONE | www.plosone.org

13

68.

69.

70.

71.

76.

77.

78.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

Mapping Landscape Suitability for Honey Bees

Cowan T (2010) Conservation Reserve Program: status and current issues.
Washington DC: Congressional Research Service Report for Congress 7-5700,
RS21613. 11 p.

U.S. Government Accountability Office (2009) Biofuels — potential effects and
challenges of required increases in production and use. Washington DC: GAO
report GAO-09-446. 175 p.

Manuel J (2007) Battle of the biofuels. Environ Health Perspect 115(2): A92
A95.

Stubbs M (2009) Agricultural conservation issues in the 111" Congress.
Washington DC: Congressional Research Service Report for Congress 7-5700,
R40692. 25 p.

. Thompson W, Meyer S, Green T (2010) The U.S. biodiesel use mandate and

biodiesel feedstock markets. Biomass Bioenergy 34: 883-889.

. National Agricultural Statistics Service (2011) Agricultural Prices. Washington

DC: Report ISSN:1937-4216.

. Homer C, Fry J (2012) The National Land Cover Database. U.S. Geological

Survey Fact Sheet 2012-3020.

. Wickham JD, Stehman SV, Fry JA, Smith JH, Homer CG (2010) Thematic

accuracy of the NLCD 2001 land cover for the conterminous United States.
Remote Sens Environ 114: 1286-1296.

National Agricultural Statistics Service: Quick Stats. Available: http://
quickstats.nass.usda.gov. Accessed 2013 January 30.

U.S. Geological Survey: WELD: Web-Enabled Landsat Data. Available:
http://weld.cr.usgs.gov. Accessed 2013 January 30.

Roy DP, JuJ, Kline K, Scaramuzza PL, Kovalsky V, et al. (2010) Web-enabled
Landsat data (WELD): Landsat ETM+ composited mosaics of the contermi-
nous United States. Remote Sens Environ 114: 35-49.

. Pettorelli N, Vik JO, Mysterud A, Gaillard J-M, Tucker CJ, et al. (2005) Using

the satellite-derived NDVI to assess ecological responses to environmental
change. Trends Ecol Evol 20: 503-510.

Undersander D, Becker R, Cosgrove D, Cullan E, Doll J, et al. (2004) Alfalfa
management guide. North Central Region Extension Publication NCR547. 51
p.

U.S. Department of Agriculture, National Agricultural Statistics Service:
Cropland Data Layer metadata. Available: http://www.nass.usda.gov/
research/Cropland/metadata/meta.htm. Accessed 2012 August 20.

U.S. Department of Agriculture, National Agricultural Statistics Service:
CropScape - Cropland Data Layer. Available: http://nassgeodata.gmu.edu/
CropScape. Accessed 2012 August 17.

Food Security Act of 1985 (U.S. Public Law 99-198). Available: http://history.
nih.gov/research/downloads/PL99-198.pdf. Accessed 2014 March 19.

CRP enrollment and rental payments by county, 1986-2013. U.S. Department
of Agriculture, Farm Service Agency. Available: http://www.fsa.usda.gov/
FSA/webapp?area = home&subject = copr&topic = crp-st. Accessed 2014
March 11.

U.S. Department of Commerce, Bureau of the Census (1985) 1982 census of
agriculture - Volume 2 Subject Series. U.S. Department of Commerce Graphic
Summary 189 p.

U.S. Department of Commerce, Bureau of the Census (1990) 1987 census of
agriculture - Volume 2 Subject Series, Part 1, Agricultural Atlas of the United
States. 223 p.

U.S. Department of Agriculture, National Agricultural Statistics Service. 1992
Census of Agriculture, Agricultural Atlas of the United States. Available:
http://www.agcensus.usda.gov/Publications/ 1992/ Agricultural_Atlas/Maps/
index.asp. Accessed 2014 March 19.

U.S. Department of Agriculture, National Agricultural Statistics Service (2005)
2002 Agricultural atlas of the United States - Volume 2 Subject Series, Part 1.
U.S. Department of Agriculture, Census of Agriculture. 2007 Census Ag Atlas
Maps. Available: http://www.agcensus.usda.gov/Publications/2007/Online_
Highlights/Ag_Atlas_Maps/Crops_and_Plants. Accessed 2014 March 19.
Stehman SV, Wickham JD, Smith JH, Yang L (2003) Thematic accuracy of the
1992 National Land-Cover Data for the eastern United States: statistical
methodology and regional results. Remote Sens Environ 86: 500-516.

. Wickham JD, Stehman SV, Smith JH, Yang L (2004) Thematic accuracy of the

1992 National Land-Cover Data for the western United States. Remote Sens
Environ 91: 452-468.

U.S. Geological Survey (2008) Imagery for everyone. U.S. Geological Survey
Technical Announcement, 21 April 2008. Available: http://landsat.usgs.gov/
documents/USGS_Landsat_Imagery_Release.pdf. Accessed 2012 July 20.
Thogmartin WE, Gallant AL, Knutson MG, Fox TJ, Suarez MJ (2004)
Commentary: a cautionary tale regarding use of the National Land Cover
Dataset 1992. Wildl Soc Bull 32: 970-978.

Sohl TL, Gallant AL, Loveland TR (2004) The characteristics and
interpretability of land surface change and implications for project design.
Photogramm Eng Remote Sens 70: 439-448.

U.S. Department of Agriculture, National Agricultural Statistics Service (2009)
2006 North Dakota Cropland Data Layer metadata. Available: http://www.
nass.usda.gov/research/Cropland/metadata/metadata_nd06.htm#7. Ac-
cessed 2012 August 20.

Sohl TL, Slecter BM, Sayler KL, Bouchard MA, Reker RR, et al. (2012)
Spatially explicit land-use and land-cover scenarios for the Great Plains of the
United States. Agric Ecosyst Environ 153: 1-15.

June 2014 | Volume 9 | Issue 6 | €99268


http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1520
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1520
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1520
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1520
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1520
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1520
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1191
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1191
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1191
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1191
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1191
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1191
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1191
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1191
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1191
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1191
http://dx.doi.org/10.5751/ES-04456-160421
http://www.mrlc.gov/faq_dau.php
http://www.mrlc.gov/faq_dau.php
http://quickstats.nass.usda.gov
http://quickstats.nass.usda.gov
http://weld.cr.usgs.gov
http://www.nass.usda.gov/research/Cropland/metadata/meta.htm
http://www.nass.usda.gov/research/Cropland/metadata/meta.htm
http://nassgeodata.gmu.edu/CropScape
http://nassgeodata.gmu.edu/CropScape
http://history.nih.gov/research/downloads/PL99-198.pdf
http://history.nih.gov/research/downloads/PL99-198.pdf
http://www.fsa.usda.gov/FSA/webapp?area=home&subject=copr&topic=crp-st
http://www.fsa.usda.gov/FSA/webapp?area=home&subject=copr&topic=crp-st
http://www.agcensus.usda.gov/Publications/1992/Agricultural_Atlas/Maps/index.asp
http://www.agcensus.usda.gov/Publications/1992/Agricultural_Atlas/Maps/index.asp
http://www.agcensus.usda.gov/Publications/2007/Online_Highlights/Ag_Atlas_Maps/Crops_and_Plants
http://www.agcensus.usda.gov/Publications/2007/Online_Highlights/Ag_Atlas_Maps/Crops_and_Plants
http://landsat.usgs.gov/documents/USGS_Landsat_Imagery_Release.pdf
http://landsat.usgs.gov/documents/USGS_Landsat_Imagery_Release.pdf
http://www.nass.usda.gov/research/Cropland/metadata/metadata_nd06.htm#7
http://www.nass.usda.gov/research/Cropland/metadata/metadata_nd06.htm#7
http://www.nass.usda.gov/research/Cropland/metadata/metadata_nd06.htm#7

97.

98.

99.

U.S. Department of Agriculture, Farm Service Agency. Conservation programs.
Available: http://www.fsa.usda.gov/FSA/webapp?area = home&subject = copr&
topic = crp-st. Accessed 2013 January 30.

Schnepf R (2010) Agriculture-based biofuels: overview and emerging issues.
Congressional Research Service Report 7-5700, R41282. 33 p.

U.S. Department of Agriculture, National Agricultural Statistics Service (2002)
Acreage. Report ISSN1949-1522. 41 p.

PLOS ONE | www.plosone.org

14

100.

101.

102.

Mapping Landscape Suitability for Honey Bees

U.S. Department of Agriculture, National Agricultural Statistics Service (2012)
Acreage. Report ISSN 1949-1522. 40 p.

Zhu Z, Woodcock CE, Olofsson P (2012) Continuous monitoring of forest
disturbance using all available Landsat imagery. Remote Sens Environ 122:
75-91.

Zhu Z, Woodcock CE (2014) Continuous change detection and classification of
land cover using all available Landsat data. Remote Sens Environ 144: 152—
171.

June 2014 | Volume 9 | Issue 6 | €99268


http://www.fsa.usda.gov/FSA/webapp?area=home&subject=copr&topic=crp-st
http://www.fsa.usda.gov/FSA/webapp?area=home&subject=copr&topic=crp-st

