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ABSTRACT

The structure of native bee assemblages and the nature of spatial variation of pollinator
populations have direct effects on the reproductive success of plant species across their ranges
and floral evolution. It is possible that changes in regional temperatures and precipitation are
shifting foraging and nesting habitat preferences of bees. Very few studies have examined the
habitat preferences of bees across variable landscapes and elevations, though the establishment
of reference conditions is critical to future studies and the establishment of both plant and
pollinator conservation schemes. Here, with the use of pan traps and hand netting, | sampled
native bee populations across wet meadow, dry meadow, aspen understory and conifer
understory as well as across an elevational gradient in an Apis-free region of the Western Slope
of the Southern Rocky Mountains in Colorado, which has been experiencing increasing drought
via reduced snowpack and earlier date of first bare ground. Floral phenology plots were also
established at each site to track pollinator resources. In family-level analyses, when adjusted for
sampling efforts, higher evenness was found in understories and higher variation in meadows.
Floral diversity did not drive bee richness but did increase catch rates. Catch rates increased at
higher elevation in dry meadows. Taken together, and in consideration of other observations and
past studies, these data suggest a degree of spatial variation in bee community composition that
is likely correlated with floral phenology and resource abundance.
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INTRODUCTION

Spatial variation in pollinator assemblages has reproductive consequences for the plants they
visit and cascading ecological effects on the communities they exist within (Biesmeijer et al.,
2006; Kearns et al., 1998). Spatial variation in the assemblages of pollinators across
communities is commonly found (Eckhart, 1992; Guitian et al., 1996; Fenster and Dudash, 2001,
Moeller, 2005) and can lead to differences in pollen limitation and plant reproduction
(Mustajarvi et al., 2001; Gomez et al., 2010). Studies involving long-term monitoring of bee
populations and the availability of their associated resources are critically lacking. A greater
understanding of the ecological and evolutionary causes and consequences of spatial variation in
plant-pollinator interactions is dependent on the establishment of reference data revealing habitat
preferences of pollinator groups, of which, in this study, bees are the focus.

Animal pollinators, of which bees are widely accepted as the most important, provide an
imperative ecosystem service (Winfree et al., 2011), with 90% of the world’s flowering plant
species, as well as 75% of the leading crop plants, requiring animal-mediated pollination to some
degree (Axelrod, 1960; Klein et al., 2007). Since 35% of the world’s entire food supply requires
the service of pollination (Klein et al., 2007), conservation of pollinators can be viewed as a
matter of national security and human survival (Kremen et al., 2004; Munyuli et al., 2013). The



persistence of native pollinators depends on high-quality habitats for foraging and nesting
(Kennedy et al., 2013) although the habitat preferences, ranges, phenology and abundance of
many bee species remain poorly understood. From a conservation perspective, it is critically
important that we understand the responses of bees to climate change as well as their current, and
potentially variable or shifting, abundance and diversity between localized habitat types and
elevations.

The last decades have shown pronounced changes in both global and localized climates
(Luterbacher et al., 2004), of which the effects on regional native bee assemblages are poorly
understood. Climate change projections include decreased annual precipitation, increased
surface temperatures, and increased occurrence and extremity of drought conditions (IPCC,
2007), which, in turn, directly affects floral resource availability for bees. Some deviations from
historic weather patterns, such as atmospheric warming, are highly predictable throughout the
21% century, while regional changes in precipitation are less certain (Smith & Wagner, 2006;
Root et al., 2003). However, the Western USA, in particular, has experienced increasing
frequency and intensity of droughts since the 1950°s and it is predicted this trend will continue
(Bates, 2008; IPCC, 2007). In order to monitor bee populations in the future, it is critical that
baseline knowledge be established, especially in regions facing increased drought.

This study evaluates the abundance and diversity of bee families and wasps over a range of
habitat types. Findings are compared across aspen understory, conifer understory, wet meadow
and dry meadow as well as across an elevational gradient in dry meadow sites. The Colorado
Bee List contains 946 species from 66 genera of bees, comprising ~25% of all the bee species
found in USA and Canada (Scott et al., 2011), and since this study will examine historically
under-sampled understory habitats, it is important to determine what species are represented,
especially if they hold habitat or plant species specialists. More broadly, this study may serve as
a helpful reference for any future pollinator-focused climate change inquiries and will provide an
invaluable supplemental dataset to further address both phenological and habitat preference
questions as well as questions in community structure.

METHODS

Study System: The Upper East River Valley of Colorado, in which the Rocky Mountain
Biological Laboratory (RMBL) and all field sites are situated, is comprised of interspersed wet
and dry meadows, aspen stands and coniferous forests. The region suffered from 50% the
average precipitation (Barr, RMBL data), and the resulting limited wildflower blooms in 2012,
the year before this study, and provides both elevational gradients and variable habitat types for
sampling. The absence of honey bee (Apis mellifera) populations allows a better look at native
bee community structuring.

Study sites: Research was conducted in the vicinity of RMBL, Gothic, Colorado, USA
(elevation: 2,890m), mostly within the boundaries of Gunnison National Forest. | established
eight novel study sites in all: two within aspen (Populus tremuloides) stands, two within conifer
(spruce-fir) stands, one in a wet meadow, and three in dry meadows across an elevational
gradient (3023m, 3416m, and 3509m).



Design: Bees were sampled with pan traps and hand netting. Most methods are in accordance
with the bee sampling protocol developed by LeBuhn et al (2003) in The Bee Inventory Plot.
Two to three replicates of each habitat type were established at least 1km apart from another.
However, two conifer sites were found to be only ~700m apart after initial sampling. To prevent
edge effects, each site had at least a 15m buffer of that same habitat type surrounding it. In each
site, two 45m transects were established with fifteen pan traps assigned to each. Yellow, blue
and white pan traps were placed at ground level with color positions randomly assigned without
allowing obvious grouping of the same color. Each trap was filled with soapy water (with
Dawn™ blue dish soap). Upon collection, specimens were strained through a mesh bag and
brought back to the lab and put in the freezer. When mesh bags were unavailable, specimens
were placed in vials of ethyl alcohol labeled by pan trap color and stored in freezer to later be
dried with a paper towel then a hair dryer aimed into a mason jar with a mesh lid for 30-50
seconds. Each specimen was pinned, labeled with relevant catch information including a unique
identification number, and entered into a database. Any bees not identified to species during the
summer will be identified by specialists over the winter.

In accordance with standardized bee sampling protocol (LeBuhn et al, 2003), to protect bee
populations, | sampled each site bi-monthly. Traps were placed out upon arrival at site and
retrieved at least six hours later, and the times at which the traps are placed out and picked up
were recorded to calculate catch rates. At the time of both trap setting and trap collection, 60
minutes of hand-netting was completed. Weather events cut some sampling periods short, but all
catch rates were calculated on a per hour basis. | sampled bees by net on the ground, on flowers
and in the air. No more than five minutes was spent on any one patch of flowers. Data were
collected on the host plant and/or any notable behavior of the bee, such as nest searching
behavior or nest emergence. Bombus and Psythirus species were recorded, marked with a paint
pen to avoid counting them twice and then released.

In addition, | established six flower phenology plots, each 2m x 2m, at each site, with three plots
along each of the two 45m transects. At each site visit, when pan traps were set, the number of
flowers of each blooming plant species was recorded. Since there is often patchiness in
distribution of understory vegetation, rough counts of blooming flower species outside the
phenology plots, but within the immediate sampling site, were recorded as well.

| collected and recorded all data, and all collections were stored and processed, in exact
accordance with the methods of the larger project which this research aimed to supplement. For
most analyses, wet and dry meadow sites were combined and so were aspen and conifer
understories.

Statistical software used includes R 3.0.1, SAS JMP and Excel 2010. I evaluated evenness and
richness of bees and compared results between meadows and understories. To increase statistical
power, for most analyses wet and dry meadows were grouped together as were aspen and conifer
understories. Bootstrap procedures were used to compare these results. Bee abundance,
estimated as number of bees caught and standardized by sampling effort (hereafter catch rate)
was compared across bee families and sites. Floral richness of sites was also standardized by
sampling efforts and a regression analysis was used to investigate potential correlation with bee



richness. An NMDS ordination was then generated to further investigate community
composition.

RESULTS

In family-level analyses, when adjusted for sampling efforts, higher evenness of bee groups was
found in understories (Fig. 1) and higher variation in meadows (Fig. 3). A non-parametric
analysis using a bootstrap procedure (n=10,000) comparing the difference in evenness means
between combined understory habitat and combined meadow habitats showed marginal
insignificance (Fig. 2). The same analysis comparing the difference in richness means between
combined understory habitat and combined meadow habitats revealed significant difference (Fig.
4).

Bee catch rate was highest in dry meadow habitats, but also notably high in aspen understory
(Fig. 7). When viewed as catch rates by family (Figs. 5-6) the polarizing effects of Halictidae
and Andrenidae on dry meadow catch rates can be clearly seen (also see Fig. 9). SP_Dry was a
dry meadow site above Schoefield Pass where in two sampling periods a total of 935
Andrenidae, comprising mostly the same species of Panurginus, were caught. This is reflected
by an Andrenidae catch rate of 72 bees per hour at that site (Fig. 6).

Floral richness, standardized by sampling effort, was highest at 2 of the 3 dry meadow sites and
1 of the 2 aspen understory sites (Fig. 5). Floral richness was not associated with family-level
bee richness when standardized for sampling effort (Fig. 8), but did increase catch rates,
especially at high elevation dry meadow sites (Figs. 5-7). Catch rates also seemed to increase in
dry meadow sites with increasing elevation (Figs. 5, 7), especially if the catching of 935
Panurginus (Andrenidae) is recognized as a spatial anomaly.

DISCUSSION

Spatial Scale Matters

It is likely that both patch and landscape factors influence species richness (Hatfield & LeBuhn,
2007). Patch level factors may include area size, aspect, disturbances, vegetation structure and
composition. Landscape-level factors may include elevation, isolation and the type and quality
of the surrounding habitat matrix. The spatial scale of observations has been shown to affect a, B
and vy diversity of cavity-nesting bees and wasps (Tylianakis et al., 2006) and should be
considered when interpreting results. In this study, contiguous habitat patches were at least 50m
x 50m with at least a 15m buffer of the same habitat surrounding the sampled area. It is possible
that sampling the center of larger patches of habitats would yield results that exclude some of the
bee taxa foraging nearer the habitat margin. This is especially the case in the instance of aspen
forest bordering meadow, as the plant communities have relatively undefined ecotones, and some
flowering plant species can often be found occurring in both habitats. Hatfield & LeBuhn (2007)
found that the portion of meadow surrounding habitat was the most consistent positive influence
on both bumble bee species richness and abundance, and it’s likely the portion and quality of
meadow surrounding understory sites is a variable worth considering in future studies. Of the
two aspen sites in this study, that with higher abundance did, in fact, have a slightly greater
portion of its margin surrounded by a larger meadow than the aspen site with lower bee
abundance (Fig. 5). Here I found higher evenness in understories and significantly higher
variation in meadows (Figs. 1-4). Species-level analyses will soon illuminate these findings to a



greater degree. From identifying all specimens to family and observing morphotype similarities
between understory and meadow sites, | believe that higher evenness will still be found in
understories and an even more pronounced richness in meadow habitats. Future comparisons of
aspen understories and meadow habitats are likely to find similar assemblages of species being
driven by resource availability.

To further assess spatial variation in habitat preference, a non-metric multidimensional scaling
ordination was created in R (stress: 0.07) showing family-level community composition between
each of the eight sites (Fig. 9). The polarizing effects of Halictidae and Andrenidae catch rates
can be clearly seen; as can the grouping of understory and meadow sites and the bee families
caught within them. Bees of families Megachilidae and Colletidae were found primarily within
understories, with Megachilidae being most strongly represented in aspen understories where
they likely find more suitable nesting habitat (Fig. 5). Greater site replications in future studies
with data collected on patch and landscape-level factors will illuminate these habitat preferences
much more clearly. Future studies might also monitor not just floral resources but also nesting
substrate availability (Potts et al., 2002).

The abundance of Andrenidae at the dry meadow Schofield Pass site (SP_Dry) was likely a
spatial phenomenon driven by the strong presence of a Panurginus species of which 933
confirmed specimens were caught (Fig. 6). There was a rocky outcropping comprising nearly %2
of the SP_Dry site, providing what appeared to be very suitable nesting for the species. Over %2
of the Panurginus caught were male and the population appeared to be exhibiting emergence
behavior. If these Panurginus were to be removed from analyses, the catch rates of meadows and
understories would be considerably more comparable (Figs. 5-7), the evenness of meadows
would increase (Figs. 1-2), and the polarization of both the SP_Dry field site (#8 in ordination
space of Fig. 9) and the family Andrenidae as displayed by NMDS community composition
ordination (Fig. 9) would be reduced and their positions shifted down on axis 2 closer to the
positions of other sites and bee families. It has been documented that a number of small-bodied
bees perceive and respond to resources at small spatial scales (Greenleaf et al., 2007; Gathmann
& Tscharntke, 2002), but it is likely larger bees will travel farther to forage (Greenleaf et al.,
2007) and that bee functional groups will respond to resources in significantly different ways
across different spatial scales and habitats (Jha & VVandermeer, 2009). It is therefore possible
that investigating these habitats at multiple spatial scales may better detect the importance of
landscape context for bee groups (Steffan-Dewenter et al., 2002).

A final spatial consideration for further examination of these results or replication of this study
should be grazing regimes. Bee abundances, particularly of ground-nesting bees, have been
shown to be affected by grazing (Kearns & Oliveras, 2009; Potts et al., 2002). This study was
conducted almost entirely on the public lands of Gunnison National Forest where free-range
cattle grazing is permitted each year in late summer and early fall months.

Pollinator Plasticity

Most pollination systems are currently perceived as relatively generalized (Waser et al, 1996),
and high levels of plasticity have been found in foraging preferences of native bees (Jha &
Kremen, 2013). A 2012 study found that native bee foraging may be far more plastic and
extensive than previously thought and that a simple optimal foraging strategy is not always
followed (Jha & Kremen, 2013). Further, a 2011 review of pollination networks found that the



inherent plasticity of plant—pollinator interactions and network structure suggests that many
species should be able to persist by responding to environmental changes associated with habitat
loss, climate change and biological invasions quickly, even though the identity of their
mutualistic partners may shift (Burkle & Alarcon, 2011; but see Brosi & Briggs, 2013).

My results, while requiring species-level analyses with more habitat replicates to increase
confidence, support the notion that bee habitat preference can vary, at least within family.
Representatives of the five major bee families and wasps were found in all but one study site, in
which Halictidae was not sampled in a conifer understory (Figs. 5, 6). However, using catch
rates as a proxy for abundance, and comparing those findings to floral richness data suggests that
similar bee assemblages may use both meadows and aspen understories. Species-level analyses
will reveal this potential finding further later this year and future resampling that compares aspen
understory to meadows will also likely strengthen this discovery.

Similar assemblages of bees were found in aspen understory as in dry meadows (Fig. 5) and
common plant species were shared between aspen understory and surrounding meadows,
especially at forest margins. It is likely pollinators will exhibit plasticity in habitat preference
and forage wherever they find suitable resources. Here, floral richness, standardized for
sampling effort, was considerably higher in meadows than understories. However, a regression
analysis plotting floral richness against the richness of bees showed no correlation (Fig. 8, R? =
0.03). Itis very likely that a stronger correlation will be seen after species-level identification of
all specimens. The identification of oligolectic and narrowly polylectic bee species are also
expected given the catch rates of Andrenidae and Halictidae. This data will again be compared
to floral resource phenology availability.

Pollination Networks in a Changing Climate

Climate change is likely to alter plant-pollinator interactions through both temporal and spatial
disruptions (Memmott et al., 2007; Cleland et al., 2007; Khanduri et al., 2008), due in part to
reduction in the floral resources of spring and summer blooms, which is correlated with
reproductive failure in some native bee species (Pitts-Singer & Bosch, 2010; Fitzpatrick et al.,
2007; but see Williams et al., 2012). Expressions of the drying associated with climate warming
in montane regions are reduced snowpack and earlier dates of first bare ground (Sproles et al.,
2012; MacDonald et al., 2012), which has been shown to limit floral resource abundance the
following growing season with some plants failing to flower as abundantly or at all (Inouye &
McGuire, 1991; Inouye et al., 2002, 2008; Dunne et al., 2003). RMBL has experienced reduced
snowpack over the last 2 years (Barr, RMBL data), which, in turn, has reduced soil moisture and
hence the abundance of floral resources via reduced growth and reproductive ability (Baude,
2011). It is suggested that warming and drying will drive both animal and plant species capable
of dispersal to higher elevations and latitudes (Parmesan, 2006). In this study, although further
analyses are yet to be performed, it can be clearly seen that catch rates in dry meadows increased
with elevation (Figs. 5-7, 10). This finding is made clearer upon recognizing SP_Dry catch rates
as a spatial anomaly. The highest site (VB_Dry, elev: 3509m) did not have the highest catch rate,
but would if the Panurginus catches were to be removed from the SP_Dry (elev: 3416m) for
analyses. This would reveal the increase in catch rates along the elevational gradient upon which
dry meadows were sampled. In addition, the two sites with the highest floral richness were the
two highest elevation sites (SP_Dry and VB_Dry).



Likely shifts in compositions of plant communities may exacerbate the potential threat to
pollinators by an offset of phenological overlap (Abeli et al., 2012; Forrest et al., 2010; Root et
al., 2003). Community shifts at broad geographical scales due to drought are not yet well
understood, but it is clear that various landscapes will be affected differently (Debinski et al.,
2013). A recent study in Colorado found surprisingly higher floral abundance in coniferous
understories than in open meadows in 2012, a year with ~50% average snowfall, resulting in
drought. Despite higher floral resource abundance in understory habitats, bee visitation rates
remained higher in open meadows (Ortega, 2012). An understanding of potentially-shifting
habitat preferences and spatial variation of pollinators, their floral resources and required nesting
habitats in a changing climate will play an important role in the development of future
conservation strategies for pollinators, plants and landscapes as well as prove useful in
addressing questions of community composition functioning. It is therefore imperative that
long-term bee monitoring and floral phenology studies be established and maintained.
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Figure 1 — Evenness — Calculated with Pielou’s evenness index. Forest understories (aspen and
conifer) were grouped together as were wet and dry meadows.
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Figure 2 — Evenness - Non-parametric analysis using a bootstrap procedure (n=10,000)
comparing the difference in means between combined understory habitat and combined meadow
habitats. Blue columns represent 95% confidence intervals for the null distribution of the
difference in means. The red column is the actual difference in means and marginal
insignificance is indicated by the red line falling just within the blue lines.
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Figure 3 — Richness — Family-level richness (standardized by sampling effort) of bees caught in
meadows (wet and dry combined) compared to richness of bees caught in understories (aspen
and conifer combined). Sampling for one hour in a meadow would likely yield a richer sample of
bees than in an understory.
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Figure 4 — Richness - Non-parametric analysis using a bootstrap procedure (n=10,000)
comparing the difference in means between combined understory habitat and combined meadow
habitats. Blue columns represent 95% confidence intervals for the null distribution of the
difference in means. The red column is the actual difference in means and significance is
indicated by the red line falling outside of the blue lines.
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Figure 5 - Abundance, estimated as bee catch rate and standardized for sampling effort, was
highest in dry meadow habitats, but notably high in aspen understory as well. Andrenidae was



omitted and appears in Figure 6. Total catch rates appear in Figure 7. The greatest floral
richness (standardized for sampling effort) was found at two dry meadow sites (VB_Dry and
SP_Dry) and one aspen understory site (401_Aspen).

Figure 6 — Andrenidae catch rates. Schofield pass dry meadow site (SP_Dry) accounted for a
total of 935 Panurginus sp., increasing Andrenidae catch rate at that site to 72 bees / hour. Dry
meadow catch rates seem to increase with increasing elevation, especially if the SP_Dry
Panurginus catches are recognized as a spatial anomaly. RG_Dry (Rustler’s Gulch) = 3023m.
VB_Dry (Virginia Basin) = 3509m. SP_Dry = 3416m.
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Figure 7 — Total catch rates (all bee families and wasps combined) at each site.
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Figure 8 — Regression analysis (R?= 0.03) showing the lack of influence floral richness
(standardized for sampling effort) had on family-level bee richness (standardized for sampling
effort).
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Figure 9 — NMDS ordination (stress: 0.07) showing family-level community composition
between sites. Sites 1 and 3 are aspen understories, 401 and 401_BV respectively. Sites 2 and 4
are conifer understories, 401_BV and 401 respectively. Site 5 is the wet meadow and sites 6
through 8 are the dry meadows, RG, VB and SP resprectively. The polarizing effects of
Halictidae and Andrenidae catch rates can be clearly seen as can the grouping of understory and
meadow sites and the bee families caught within them. Site #8 (SP_Dry) was where 935
Panurginus (Andrenidae) were caught.
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Site Latitude Longitud Elevation (Meters)
RG_Dry 38.996040 -107.009883 3022.53)
RG_Wet 38.995594; -107.013135 2985.89)
401 BV_Aspen 38.979695 -106.990017 3110§
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SP_Dry 39.015949 -107.040280 3415.95)

Figure 10 — Map of field sites with coordinates and elevations. Understory sites are named with
either aspen or conifer and meadow sites with either wet or dry. BV=beaver ponds,
RG=Rustler's Gulch, VB=Virginia Basin and SP=Schofield Pass.



Literature Cited:

Abeli, Thomas et al. 2012. Response of alpine plant flower production to temperature and snow cover fluctuation
at the species range boundary. Plant Ecology. Vol. 213, Issue 1, December, pp. 1-13.

Axelrod, D.I. 1960. The evolution of flowering plants. The Evolution of Life (ed. S. Tax). Evolution After Darwin,
Vol. 1, pp. 227-305. Chicago, IL: Univ. of Chicago Press.

Barr, Billy. RMBL long-term snowfall data. www.rmbl.org. Accessed 6/15/13. 00371959

Bates, B.C., et al. 2008. Climate Change and Water. Technical Paper of the Intergovernmental Panel on Climate
Change, IPCC Secretariat, Geneva.

Baude, M. et al. 2011. Litter inputs and plant interactions affect nectar sugar content. Journal of Ecology. Vol. 99,
Issue 3, May, pp. 828-837.

Biesmeijer, J.C., et al. 2006. Parallel declines in pollinators and insect-pollinated plants in Britain and the
Netherlands. Science. Vol. 313, No. 5785, July, pp. 351-354.

Brosi, Berry J. & Briggs, Heather M. 2013. Single pollinator species losses reduce floral fidelity and plant
reproductive function. PNAS. Vol. 110 (32), pp. 13044-13048.

Burkle, Laura A. & Alarcon, Ruben. 2011. The future of plant—pollinator diversity: Understanding interaction
networks across time, space, and global change. American Journal of Botany. Vol. 98, No. 3, March, pp. 528-538.

Cleland et al., 2007. Shifting plant phenology in response to climate change. Trends in Ecology and Evolution.
Volume 22, Issue 7, July, pp. 357-365.

Debinski, Diane M. et al. 2013. Gradient-based habitat affinities predict species vulnerability to drought. Ecology.
Vol. 94, Issue 5, May, pp. 1036-1045.

Dunne, Jennifer et al. 2003. Subalpine meadow flowering phenology responses to climate change: integrating
experimental and gradient methods. Ecological Monographs. Volume 73, Issue 1, pp. 69-86.

Eckhart, V. M. 1992 . Spatio-temporal variation in abundance and variation in foraging behavior of the pollinators
of the gynodioecious Phacelia linearis (Hydrophyllaceae). Oikos. Vol. 64, pp. 573-586.

Fenster, C.B., and Dudash, M.R. 2001 . Spatiotemporal variation in the role of hummingbirds as pollinators of
Silene virginica. Ecology. Vol. 82, pp. 844 — 851.

Fitzpatrick et al. 2007. Rarity and decline in bumble bees — a test of causes and correlates in the Irish fauna.
Biological Conservation. Vol. 136, Issue 2, April, pp. 185-194.

Forrest, Jessica et al. 2010. Flowering phenology in subalpine meadows: Does climate change variation influence
co-flowering patterns? Ecology. Vol. 91, Issue 2, Feb., pp. 431-440.

Gathman, Achim & Tscharntke, Teja. 2002. Foraging ranges of solitary bees. Journal of Animal Ecology. Vol. 71,
No. 5, Sept., pp. 757-761.

GOmez, J. M., M. Abdelaziz, J. Lorite, A. J. Mufioz-Pajares, and F. Perfectti. 2010 . Changes in pollinator fauna
cause spatial variation in pollen limitation. Journal of Ecology. Vol. 98, pp. 1243-1252.

Greenleaf, Sarah S., Williams, Neal M., Winfree, Rachel, & Kremen, Claire. 2007. Bee foraging ranges and their
relationship to body size. Oecologia. Vol. 153, No. 3, Sept., pp. 589-596.



Guitian, J., Guitian, P., and Navarro, L. 1996 . Spatio-temporal variation in the interactions between Cornus
sanguinea and its pollinators. Acta Oecologica-International Journal of Ecology. Vol.17, pp. 285-295.

Inouye, David W. & McGuire, A. David. 1991. Effects of snowpack on timing and abundance of flowering in
Delphinium nelsonii (Rannunculaceae): Implications for climate change. American Journal of Botany. Vol. 78, No.
7, pp. 997-1001.

Inouye et al. 2002. Variation in timing and abundance of flowering by Delphinium berbeyi: The roles snowpack,
frost and La Nina, in the context of climate change. Oecologia. Volume 130, Issue 4, pp. 543-550.

Inouye et al. 2008. Effects of climate change on phenology, frost damage, and floral abundance of montane
wildflowers. Ecology. Volume 89, Issue 2, January, pp. 353-362.

Intergovernmental Panel on Climate Change. 2007. IPCC fourth assessment report: Climate Change 2007.
www.ipcc.ch Accessed on 6-19-13.

Jha, Shalene & Kremen, Claire. 2013. Resource diversity and landscape-level homogeneity drive native bee
foraging. PNAS. Vol. 110, No. 2, January, pp. 555-558.

Jha, Shalene & Vandermeer, John H. 2009. Contrasting bee foraging in response to resource scale and local habitat
management. Oikos. Vol. 118, Issue 8, August, pp. 1174-1180.

Kanduri, VP et al. 2008. The effects of climate change on plant phenology. Environmentalist. VVolume 28, Issue 2,
June, pp. 143-147.

Kennedy, Christina M. et al. 2013. A global quantitative synthesis of local and landscape effects on wild bee
pollinators in agrosystems. Ecology Letters. Vol. 16, Issue 5, May, pp. 584-599.

Kearns, Carol A. et al. 1998. Endangered mutualisms: The conservation of plant-pollinator interactions. Annual
Review of Ecology and Systematics. Vol. 29, pp. 83-112.

Kearns, Carol A. & Oliveras, Diana M. 2009. Environmental factors affecting bee diversity in urban and remote
grassland plots in Boulder, Colorado. Journal of Insect Conservation. Vol. 13, Issue 6, July, pp. 655-665.

Klein, A. etal. 2007. Importance of pollinators in changing landscapes for world crops. Proceedings of the Royal
Society. Vol. 274, No. 1608, pp. 303-313.

Kremen, Claire, et al. 2004. The area requirements of an ecosystem service: crop pollination by native bee
communities in California. Ecology Letters. Vol. 7, Issue 11, pp. 1109-1119

LeBuhn, Grethcen et al. 2003. A standardized method for monitoring Bee Populations — The Bee Inventory (BI)
Plot.

Luterbacher, J. et al. 2004. European seasonal and annual temperature variability: trends and extremes since 1500.
Science. Vol. 303, No. 5663, pp. 1499-1503.

MacDonald, Ryan et al. 2012. Modeling the potential impacts of climate change on snowpack in the North
Saskatchewan River Watershed, Alberta. Water Resource Management. Vol. 26, Issue 11, August, pp. 3053-3076.

Memmott, Jane et al. 2007. Global warming and the disruption of plant-pollinator interactions. Ecology Letters.
Volume 10, Issue 8, August, pp. 710-717.

Moeller, D.A. 2005 . Pollinator community structure and sources of spatial variation in plant—pollinator interactions
in Clarkia xantiana ssp xantiana. Oecologia. Vol. 142, pp.28-37.



Munyuli, MB Theodore et al. 2013. Patterns of bee diversity in mosaic agricultural landscapes of Central Uganda:
implication of pollination services conservation for food security. Journal of Insect Ecology. Vol. 17, Issue 1, Feb.,
pp. 79-93.

Mustajarvi, K., P. Siikamaki, S. Rytkonen, and A. Lammi. 2001. Consequences of plant population size and
density for plant-pollinator interactions and plant performance. Journal of Ecology. Vol. 89, pp.80-87.

Ortega, Anna. 2012. Understanding the importance of coniferous understory habitat versus open meadows for bees
in times of drought. Unpublished RMBL research. Rocky Mountain Biological Laboratory, Gothic, Colorado,
USA. www.rmbl.org

Parmesan, Camille. 2006. Ecological and evolutionary responses to recent climate change. Annual Review of
Ecology, Evolution, and Systematics. Vol. 37, Issue 1, pp. 637-669.

Potts, Simon G. et al. 2002. Linking bees and flowers: How do floral communities structure pollinator
communities? Ecology. Vol. 84, Issue 10, Oct., pp. 2628-2642.

Root, Terry L. et al., 2003. Fingerprints of global warming on wild animals and plants. Nature. Volume 421,
September, pp. 57-60.

Scott, Virginia et al. 2011. The Bees of Colorado. Natural History Inventory of Colorado. Number 23.
Cumuseum.colorado.edu/bees-colorado. Accessed on 6-23-13.

Smith, Joel B. & Wagner, Carolyn. 2006. Climate change and its implications for the Rocky Mountains. American
Water Works Association. Vol. 98, Issue 6, June, pp. 80-93.

Sproles, E. et al. 2012. Climate change impacts on maritime mountain snowpack in the Oregon Cascades.
Hydrology and Earth Systems Sciences Discussions. Vol. 9, Issue 11, Nov., pp. 13037-13081.

Steffan-Dewenter, Ingolf et al. 2002. Scale-dependent effects of landscape context on three pollinator guilds.
Ecology. Vol. 83, Issue 5, pp. 1421-1432.

Tylianakis, Jason M. et al. 2006. Spatial scale of observation affects a, B and y diversity of cavity-nesting bees and
wasps across a tropical land-use gradient. Journal of Biogeography. Vol. 33, Issue 7, July, pp. 1295-1304.

Turner SE. 2012. Assessing the impacts of long-term pan trapping on native bee populations in sub-alpine
ecosystems. RMBL student: Independent Research & Course. Unpublished work.

Waser, Nickolas M. et al. 1996. Generalization in pollination systems, and why it matters. Ecology. Vol. 77, Issue
4, June, pp. 1043-1060.

Williams, Neal M. et al. 2012. Landscape-scale resources promote colony growth but reproductive growth in
bumble bees. Ecology. Vol. 93, Issue 5, May, pp. 1049-1058.

Winfree, Rachael et al. 2011. Valuing pollination services to agriculture. Ecological Economics. Volume 71,
Nov., pp. 80-88.

Acknowledgements

Rocky Mountain Biological Laboratory, Rebecca Irwin & the Irwin Lab, Josh ‘Bear’ Grinath,
Jessica Forrest, Nickolas Waser, Mary Price, Rick Williams, David Inuoye, Michael Mesler,
Steven Smith, Sarah del Corral & Angelina Lasko



