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COMMUNITY AND ECOSYSTEM ECOLOGY

Local Geographic Distributions of Bumble Bees Near Crested Butte,
Colorado: Competition and Community Structure Revisited

GRAHAM H. PYKE,1,2,3,4 DAVID W. INOUYE,5,4 AND JAMES D. THOMSON6,4

Environ. Entomol. 41(6): 1332Ð1349 (2012); DOI: http://dx.doi.org/10.1603/EN11284

ABSTRACT Surveys in 1974 of bumble bee species distributions along elevational gradients (Pyke
1982) were revisited to reevaluate the original conclusion that coexistence of bumble bee species can
be ascribed to niche differentiation, primarily on the basis of proboscis lengths and the associated
corolla lengths of visited ßowers. Each bee species largely visited a few plant species, which were
preferred relative to other species. Bee proboscis length was correlated with average corolla length
of visited ßowers, but not when species with relatively long and short proboscises were considered
separately. Bumble bee abundance was affected by presence or absence of major plant species and,
contrary to the interpretation of Pyke (1982), elevation, with neither factor dominating. Multimodal
distributions of proboscis lengths and altitudinal replacement of bee species of similar proboscis length
were consistent with the original hypothesis that bumble bee species compete for ßoral resources,
especially nectar, and cannot coexist if proboscis lengths are too similar, unless one species is a “nectar
robber” and hence has exclusive use of some ßoral resources. However, observed overlap in elevational
distributions of bumble bee species with similar proboscis length cannot be reconciled with this
hypothesis unless other phenomena are invoked.

KEY WORDS Bombus, elevation, competition, proboscis length, corolla length

The results of surveys of bumble bees and the ßowers
they visit, carried out in 1974 near Crested Butte, CO
(Pyke 1982), originally were considered consistent
with hypotheses based on competition between bum-
ble bees for ßoral resources, with coexistence of bum-
ble bee species ascribed to niche differentiation, pri-
marily on the basis of proboscis lengths and the
associated corolla lengths of visited ßowers (Inouye
1976, 1977, 1978b, 1980; Pyke 1982), and secondarily
on nutritional qualities of nectar or pollen (Pyke
1982). It was concluded that the community of coex-
isting bumble bees at any particular location is deter-
mined, after allowing for dispersal between nearby
areas, by the plant community at that location and not
by other factors such as nesting habitat or climatic
variation (Inouye 1976, Pyke 1982). To coexist, bum-
ble bee species apparently had to differ sufÞciently in
proboscis length and, depending on the array of ßower
corolla lengths present, up to four nonparasitic bumble
bee species could coexist abundantly. Such sets of spe-
cies comprised up to three species that characteristically
take nectar legitimately from ßowers, one from each of
three different proboscis-length categories (i.e., short,

medium, and long-tongued), and possibly a short-
tongued species that robs nectar from ßowers with long
corollas (Inouye 1976, 1977; Pyke 1982).

A corollary of these original conclusions is that
bumble bee assemblages in different locations should
be determined by variation in plant communities
rather than by elevation (or climate) per se. Plant com-
munities may vary with local conditions, in relation, for
example, to soil and moisture, and with elevation, be-
cause of its effect on climatic conditions. Bumble bee
assemblages are expected to track any such variation in
plant communities, but should not show additional vari-
ation in relation to elevation. Hence, if plant and bumble
bee communities were to change through time, as might
result, for example, from climate change, it should be
changes in the plants that determine changes in the
bumble bees, not the other way around. The original
conclusions from the 1974 surveys are therefore signif-
icant in terms of understanding local geographic distri-
butionsofbumblebeespeciesandtheirassemblages,and
interpreting any observed changes over time in bumble
bee and plant communities.

These original conclusions from the 1974 surveys
were not, however, based on statistical analyses, but
instead the results simply were summarized with ta-
bles and graphs and interpretations were based on
these (Inouye 1976, Pyke 1982). Hence, the original
conclusions were not well substantiated and, as will be
seen below, statistical analyses now lead to somewhat
different conclusions.
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The data collected during the 1974 surveys provide an
excellent opportunity to consider or reconsider seasonal
and elevational patterns in bumble bees and the plants
they visit. These surveys spanned almost an entire ßow-
ering season (i.e., mid-June to early September) along
permanent transects that encompassed an elevation
range of 2,730Ð3,730 m, and comprised about 16,000
observations of bumble bees (Pyke 1982 and see Fig. 1;
Tables 1 and 2).

The current study, therefore, aimed to revisit the
results and conclusions of the 1974 surveys to provide
a statistical basis for comparisons with subsequent
surveys at the same locations and to reevaluate the
original interpretations. We set out, in particular, to
reevaluate the previous conclusion that bumble bee
communities in our study area are determined pri-
marily by competition among bumble bees for ßoral
resources and the implication that bumble bee assem-
blages are determined by the plant communities
rather than by elevation per se.

Methods

Strategy. We determined whether bumble bee spe-
cies showed multimodal frequency distributions (for
each caste) of mean proboscis length. Such multimodal-
ity is expected if bumble bees compete for ßoral nectar
and if the outcome of this competition depends on in-
terspeciÞc differences in proboscis length (Ranta 1984).

We determined whether plant species showed mul-
timodal distributions of mean corolla depth. Such a pat-
tern might suggest competition between plant species
for visits by different pollinators, with the outcome de-
pending on differences in corolla length between dif-
ferent plant species. We also determined whether such
a pattern could explain any multimodality in bumble bee
proboscis length, independent of competition.

We considered the relationship between average pro-
boscis length for particular bumble bee species or caste
combinations and the average corolla length for associ-

Fig. 1. Map of study area showing locations of circular study sites (�); selected points along walking transects (●); designated
roads, track described by us as “South Gothic Rd.;” Washington Gulch Trail (i.e., Forest Service Trail no. 403); and towns. Also
depicted are contour lines 250 m apart, some of which are labeled, with the lowest being at 2,750 m. (Online Þgure in color.)

Table 1. Numbers of each bumblebee species recorded during
surveys, along with the proboscis-length category for each species

Bumblebee species Proboscis-length category Number

Nonparasitic spp.
B. flavifrons Medium 4,827
B. balteatus (previously
B. kirbyellus)

Long 1,838

B. bifarius Short 1,764
B. sylvicola Short 1,717
B. appositus Long 1,431
B. frigidus Short 1,318
B. occidentalis Short (nectar robber) 468
B. californicus Long 170
B. nevadensis Long 159
B. mixtus Short 103
B. rufocinctus Short 101
B. centralis Medium 19
Total 13,934
Parasitic bumblebees
Bombus spp. (previously
Psithyrus spp.)

Short 1,734

Names adopted in 1974 are included in parentheses if different from
current names.
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ated ßoral visits. Such a relationship is expected because
bumble bees achieve higher rates of net energy gain
while foraging at ßowers with a particular corolla length
than when they forage at ßowers with either longer or
shorter corollas and this corolla length, at which the rate
of net energy gain is maximal, increases with increasing
proboscis length (Inouye 1980, Ranta 1984).

We reevaluated the elevational patterns observed by
Pyke(1982)bytemporallyadjustingobservationswithin
different elevational regions, to compensate for peak
abundances of bumble bees occurring later in the season
at higher elevations. This adjustment ensured that el-
evational comparisons were based on time periods of
greatest bumble bee abundance (Pyke et al. 2011).

We developed a method for determining plant utili-
zation indices for each bumble bee species (see Bumble
Bee Utilization Regarding Different Plant Species), and
used this to identify sets of plant species that are most
used by each bumble bee species relative to all other
bumble bee species. As these indices seem likely to be
approximatemeasuresofbumblebeepreferencesforthe
various plant species, we use them below as indices of
such preferences. We then assessed how much variation
in bumble bee abundance is determined by 1) the pres-
ence and absence of these plants and 2) elevation. A
signiÞcant effect of elevation would require us to revise
the conclusion of Pyke (1982) that bee distributions
along these transects are driven by plants and competi-
tion, with no direct altitudinal effects.

Transects and Sites. As reported by Pyke (1982),
surveys of bumble bees and ßowers were carried out
at sites along road and walking transects in the vicinity
of the Rocky Mountain Biological Laboratory
(RMBL), Gothic, CO. Roadside sites comprised areas
of �50-m radius around Þxed points alongside of
roads. Sites along walking transects comprised areas
within �25 m of Þxed but sometimes unmarked foot
trails and within elevational ranges that were gener-
ally 500 feet (i.e., 151.5 m). For logistical reasons, there
was variation from one time to another in the lengths
that were surveyed along the walking routes, and in
some cases parts of the walking routes where elevation
was relatively constant were surveyed separately. The
elevation for each site is taken as the elevation at its
center, and sites are considered within elevational re-
gions based on intervals of 152.4 m (500 ft).

A revised description of these transects and sites is
presented in Appendix A1. Included now are some sites
that were not included in previous analyses (see Pyke
1982 and Appendix A1). The grouping of sites into tran-
sects also has changed slightly (see Pyke 1982 and Ap-
pendix A1). The locations of all sites and transects now
have been recorded with a GPS receiver and this infor-
mation, along with a copy of the original data, are lodged
with the Rocky Mountain Biological Laboratory. The
locationsof all sites and transects are shown inFig. 1, and
further details are included in Appendix A2, Tables A2Ð1
(roadside circles) and A2Ð2 (walking transects).

Table 2. Numbers of bumblebees, combining parasitic and nonparasitic species, recorded for each of the 30 most frequently visited
plant species in decreasing order of bees per plant species, along with the nature and significance of any relationships between presence
or absence for each plant species and elevation

Plant speciesÐCurrent name (Old name) No. bumblebees Relationship with elevational region

Delphinium barbeyi 3106 Increase; P � 0.001
Hymenoxys (Helenium) hoopesii 1398 Not signiÞcant; PÕs � 0.1
Helianthella quinquenervis 1263 Increase; P � 0.008
Mertensia ciliata 947 Increase, then decrease; P � 0.001 & 0.004
Aconitum columbianum 880 Decrease, P � 0.004
Chamerion (Epilobium) angustifolium 851 Increase, then decrease; PÕs � 0.001
Senecio triangularis 730 Increase, then decrease; P � 0.001 & P � 0.001
Senecio bigelovii 657 Not signiÞcant; PÕs � 0.05
Senecio crassulus 596 Increase; P � 0.001
Viguiera multiflora 501 Increase, then decrease; PÕs � 0.01
Phacelia hastata (leucophylla) 381 Increase; P � 0.001
Senecio serra 346 Not signiÞcant; PÕs � 0.2
Frasera speciosa 337 Not signiÞcant; PÕs � 0.3
Castilleja sulphurea 219 Not signiÞcant, PÕs � 0.1
Gentiana parryi (calycosa) 199 Not signiÞcant: PÕs � 0.1
Solidago (Haplopappus) parryi 194 Not signiÞcant: PÕs � 0.1
Senecio fremontii 186 Increase; P � 0.004
Hydrophyllum fendleri 159 Increase then decrease; PÕs � 0.01
Aster engelmannii 148 Not signiÞcant; PÕs � 0.4
Cirsium sp 143 Not signiÞcant; PÕs � 0.2
Senecio atratus 142 Not signiÞcant; PÕs � 0.4
Pyrrocoma crocea (Haplopappus croceus) 126 Decrease; P � 0.007
Arnica sp 115 Increase; P � 0.001
Delphinium nuttallianum (nelsonii) 100 Decrease; P � 0.006
Senecio amplectens 95 Increase then decrease; PÕs � 0.001
Gentiana affinis 86 Not signiÞcant; PÕs � 0.1
Vicia americana 78 Decrease; P � 0.001
Pedicularis groenlandica 66 Not signiÞcant; PÕs � 0.5
Agoseris sp 60 Not signiÞcant; PÕs � 0.7
Sidalcea candida 57 Only present in region no. 3
Total bumble bees recorded 14,166

Plant names adopted in 1974 are included in parentheses if different from current names.
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SurveyMethods.As described previously (see Pyke
1982 for further details), one of us (G.H.P.) plus zero
to two assistants visited most sites about once every 8 d
between 22 June and 8 September 1974. Timing was
opportunistic: each site was surveyed at different
times of day, with no attempt made to spread survey
times per site across times of day. During a visit to a
site, the site was surveyed as uniformly as possible.
Any observed bumble bees (Bombus spp.) or parasitic
bumble bees (formerly Psithyrus spp., now also Bom-
bus spp.) were identiÞed and their behavior recorded.
In most cases bumble bees and parasitic bumble bees
were observed visiting ßowers, but they also occa-
sionally were recorded nest searching (i.e., ßying
close to ground, stopping to walk into holes in the
ground) or in ßight. Site visits generally ended after
�45 min or after at least 20 bumble bees had been
recorded for each plant species, whichever came Þrst,
or occasionally when halted by inclement weather.
The number of visits per site ranged from 1 to 25 and
averaged 5.7 (n � 74, SE � 0.6). The average visit
duration was 40.2 min (n � 439, SE � 1.2) or 1.32
person hours (n � 439, SE � 0.05).

In almost all cases we identiÞed bumble bees to
species and caste on the basis of their size, length of
antennae, presence or absence of corbiculae, and pat-
terns of hair coloration (Stephen 1957; Williams 2007;
G.H.P., D.W.I., and J.D.T., personal observations). Al-
though Pyke (1982) used the name B. kirbyellus for
one species, most authors consider B. balteatus to be
a preferable synonym (e.g., Thorp et al. 1983, Williams
1998), so we adopt it here. We could not conÞdently
distinguish the two species of parasitic bumble bees
present in our study area (Psithyrus insularis and P.
suckleyi), and therefore combined them. Since then,
the genus Psithyrus has been demoted to a subgenus
within Bombus (Williams 1994, Williams et al. 2008).
Voucher specimens were collected and identiÞcations
subsequently checked by R. Thorp.

Flowers visited by bumble bees and parasitic bumble
bees were identiÞed to the lowest possible taxonomic
level. As the names of some plant species have been
changedsince these surveys,weadopthere thenames in
the relatively recent checklist of vascular plants of Col-
orado by Hartman and Nelson (2001) but also report
parenthetically the names used by Pyke (1982).
Additional Information. Bumble bees differ in pro-

boscis length and ßowers differ in corolla length (here
taken to be the distance a bee has to reach with its
proboscis to get to the nectar). These measurements
combine to determine a bumble beeÕs ability to extract
nectar fromßowers(Harder1983).Asameasurementof
proboscis length, most authors have taken the length of
the labium (e.g., Inouye 1980, Bauer 1983, Williams 1989,
Suzuki et al. 2007), which is the prementum and glossa
combined, although Harder (1982) has demonstrated
that the glossa is actually the functional part of the pro-
boscis in terms of nectar absorption.

We used labium length as our measurement of pro-
boscis length. In most cases, our data on average pro-
boscis lengths were obtained from Macior (1974), for
queen and worker bumble bees collected in the Front

Range of the Colorado Rockies, and from Inouye
(1976, 1980), for males collected around RMBL. Data
for workers of B. rufocinctuswere obtained from Utah
in 2008 (J. Strange, personal communication).

In most cases, our data on corolla lengths were
obtained from Macior (1974); Inouye (1976, 1980); or
Pyke (1982). For a few plant species, corolla lengths
were measured within the study area during summer
2008 (Appendix A3; Table A3Ð1).
Bumble Bee Utilization Regarding Different Plant
Species. Patterns of bumble bee utilization regarding
different plant species were determined within contig-
uous areas between which the relative abundances of
different bumble bee species showed no appreciable
variation. This resulted in the greatest possible sample
sizes for determining patterns of ßoral utilization, while
avoiding possible confounding of these patterns with
variation in relative abundance of the bumble bees.

We focus on those plant species that accounted for
�90% of all recorded bumble bee observations. For
these plants, which we label as “bumble bee plants,” it
seems reasonable to assume that the numbers of re-
corded bees are roughly proportional to plant abun-
dance.

We determined overall levels of utilization for each
plant species by simply calculating, for the combined
areas described above, the number of recorded ob-
servations for each bumble bee species at each plant
species. Comparing these numbers across plant spe-
cies for each bumble bee species would indicate the
relative levels of visitation of each plant species by
each bumble bee species. However, without some
adjustment for ßoral and plant abundance, these cal-
culations provide no indication of the extent to which
each bumble bee differentially uses or prefers the
various plant species. Visits to ßowers of a particular
plant species might be recorded frequently, simply
because the plant is relatively common and hence
frequently visited by all bumble bees combined, and
not because bumble bees exhibit any preference for
feeding at its ßowers. We therefore combined these
numbers with measures of ßower abundance.

We assume, as mentioned above, that the abun-
dance of ßowers for a plant species, within the group
of “bumble bee plants” and within a certain area, is
proportional to the total number of recorded bumble
bee visits to ßowers of that plant species during our
surveys within that area, and from this assumption
derive a statistic for assessing plant ßoral preferences
exhibited by the different bumble bee species. In
other words, we assume that, for our present purposes,
the total number of recorded visits to ßowers of a
particular plant species provides a measure of how
ßorally abundant the plant is. This would seem to be
a reasonable assumption for the following reasons:
First, during our surveys we walked within sites, pausing
to record observed bumble bees and then moving on.
Hence, for each plant species, the number of observed
ßowers should have increased with the number of re-
corded bumble bees. Second, within what we consider
to be the group of “bumble bee plant species,” there is
good agreement between our subjective assessment of
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ßoral abundance and the total number of bumble bees
recorded visiting each plant species (G.H.P., D.W.I., and
J.D.T., personal observations). However, we would not
expect this approach to work well if extrapolated to
include plants that are commonly visited by other kinds
of animals (e.g., hummingbirds, butterßies) and are vis-
ited rarely by bumble bees.

It follows from this assumption that an index of plant
ßoral preference or rejection for a bumble bee species
regarding a particular plant species is provided by the
ratio of the percentage of records for each bumble bee
species that were of visits to the particular plant species
divided by the percentage of all bumble bee records that
included the particular plant species. If, for example, a
plant species was rare in the environment, and hence
generated relatively few recorded bumble bee visits, but
accounted for a high proportion of recorded ßoral visits
for a particular bee species, then we would take this to
mean that this particular bee species “overuses” or “pre-
fers” the plant species in question relative to alternative
species, with the magnitude of the ratio indicating the
strength of this preference. Conversely, a low ratio
would indicate relative “underutilization,” “rejection,” or
“avoidance.” However, if the two percentages were ap-
proximately equal, and hence the ratio was approxi-
mately equal to one, there would be no indication of
relative preference or rejection. In this case, we would
categorize the response as “neutral.”

This assessment of plant preference and rejection
enables different bumble bee species to be compared
and also allows identiÞcation of those plant species
that are most likely to inßuence the spatial distribution
of each bumble bee. It will be seen below that, using
this approach, we are able to discern differences in
plant preferences that are additional to what would be
expected just on the basis of proboscis and corolla
lengths. We also are able to examine the extent to which
bumble bee distributions are explained by the spatial
distributions of their apparently preferred plant species
or by elevation. Observed preference ratios range from
about four, which we take as an indication of high pref-
erence, down to zero, when a particular bumble bee
species was never observed to visit the plant species in
question, even though other bumble bee species were
recorded visiting this plant.
Seasonal Adjustments With Elevation. To deter-

mine elevational patterns in bumble bee abundance,
we considered the time periods when abundance
peaked for each elevational region. This enabled dif-
ferent elevations to be compared at corresponding
times during the summer season. For workers, we
therefore considered time periods 2 and 3 for the
elevational region 2,576Ð2,727 m, periods 3 and 4 for
elevational regions between 2,727 and 3,030 m, periods
4 and 5 for the elevational regions between 3,030 and
3,485 m, and periods 5 and 6 for the elevational regions
between 3,485 and 3,788 m (Pyke et al. 2011). For
males, we considered time period 4 for elevational
region 2,576Ð2,727 m and time periods 5 and 6 for all
higher elevations (Pyke et al. 2011).
Analyses. Statistical analyses generally were carried

out using Forward Stepwise Linear General model, as

provided by the computer software SYSTAT version
11(Wilkinson1990),with the log transformednumber
of bees recorded per person-hour (i.e., log [B � 1]
where B is number of bees per person-hour) as the
dependent variable. In thiscase theuntransformedvari-
able was strongly right-skewed and the log transformed
variable less so, and the frequency distribution of the
transformed variable resembled the right half of a Nor-
mal distribution with mean zero. Independent variables
in the analyses include time period, in half-month units
(i.e., period 1: 16Ð30 June, period 2: 1Ð15 July, period 3:
16Ð31 July); elevational region, divided into intervals of
500 ft. (i.e., region 1 is 8,500Ð9,000 feet; region 2 is 9,000Ð
9,500 feet), and presence or absence of particular plant
species (i.e., 0 for absent, 1 for present).

Because our analyses involved multiple tests we
used an adjusted threshold P value for signiÞcance at
each test (Wright 1992, Chandler 1995). To achieve a
balance between type I and type II errors, we obtained
these adjusted “comparison-wise”Pvalues by applying
a Bonferroni correction, but after Þrst setting the over-
all “experiment-wise” threshold P value at 0.15 rather
than the traditional 0.05 (Chandler 1995). We had two
“families” of tests, one in which the dependent vari-
able was presence or absence of various plant species
and a second in which it was the number of bees
recorded per person-hour, so we carried out this pro-
cedure separately for each of these families of tests
(Chandler 1995). Application of the Bonferroni cor-
rection to an experiment-wise P value of 0.05 has been
well criticized because of the consequently high ex-
pected rate of type II errors (e.g., Perneger 1998,
Nakagawa 2004).

For both families of tests, we adopted an adjusted P
value for each test of 0.01. In the case of presence or
absence of plant species there were 30 tests (see Table
3) with reasonably well known general relationships
with elevation, and so the appropriate P value for each
test was (0.15/30)�2, which equals 0.01 (i.e., exper-
iment-wise P value divided by number of tests and
multiplied by two to allow for one-tailed tests). In the
case of the number of bees per person-hour there
were seven tests for workers and seven more for males
(see Table 4; males not included), and so the appro-
priatePvalue for each test was 0.15/14, which is �0.01.

Results

Fauna and Flora. Twelve nonparasitic bumble bee
species were recorded in the study area, with the
seven most commonly recorded species accounting
for 96.0% of all those recorded (Table 1). Note that the
numbers reported here for each bumble bee species
generally are higher than those reported previously
because of the additional sites now included. How-
ever, the total number of B. occidentalis reported here
is lower than the number reported previously because
of the removal of one site. In addition, two species of
parasitic bumble bee were recorded (Table 1).

Bumble bees were recorded visiting ßowers of �100
plant species in total, but only �30 plant species ac-
counted for 90% of all such observations (i.e., 14,166
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out of 15,751; Table 2). Species counts are not exact
because some plants were not identiÞed to species.
Proboscis Lengths and Corolla Lengths. The fre-

quency distributions of numbers of bumble bee species

versus average proboscis length show some signs of mul-
timodality, supporting the previous categorization into
short, medium, or long-tongued groups (Figs. 2a and b).
For queens of nonparasitic species, this frequency dis-

Table 3. Preference ratios (in parentheses) exhibited by workers of different bumble bee species in relation to different plant species

Elevational
regions

Bumble bee species
(Proboscis length

category)

Plant spp. with short corollas
(preference ratio)

Plant spp. with medium
corollas (preference ratio)

Plant spp. with long
corollas (preference

ratio)

4Ð8a B. bifarius (Short) Viguiera multiflora (4.1)
Hymenoxys hoopesii (3.8)
Phacelia leucophylla (3.1)

B. frigidus (Short) Senecio triangularis (4.2) Mertensia ciliata (2.8)
Senecio crassulus (1.9)
Hymenoxys hoopesii (1.6)

B. sylvicola (Short) Senecio fremontii (3.2)
Senecio crassulus (3.2)
Senecio atratus (2.7)
Senecio amplectens (2.6)
Helianthella quinquenervis (1.5)

4Ð5b B. flavifrons (Medium) Senecio bigelovii (2.0) Aconitum columbianum (2.1) Vicia americana (2.3)
Chamerion angustifolium (1.6)

B. appositus (Long) Gentiana parryi (2.7)
Delphinium barbeyi (2.6)

B. balteatus (Long) Castilleja sulphurea (4.6)
Gentiana affinis (3.5)
Gentiana parryi (3.2)
Delphinium barbeyi (2.2)

2c B. flavifrons (Medium) Aconitum columbianum (3.0)
Mertensia ciliata (2.8)

B. appositus (Long) Aconitum columbianum (1.5) Delphinium barbeyi (3.1)
6Ð7d B. flavifrons (Medium) Phacelia leucophylla (2.3) Aconitum columbianum (3.8)

Helianthella quinquenervis (1.5)
B. balteatus (Long) Mertensia ciliata (1.7) Castilleja sulphurea (4.0)

Delphinium barbeyi (3.0)

Elevational regions have been chosen so that there is little variation in relative abundance of the considered bumble bee species between
the regions (see notes below). Plant species are included if observed preference ratios were �1.5. For each bumble bee species the
proboscis-length category is included in parentheses.
a For elevational regions #Õs 4Ð8 B. bifarius, B. frigidus and B. sylvicola are all reasonably abundant and their relative abundances change

little between regions (Fig. 6).
b For elevational regions #Õs 4Ð5 B. flavifrons, B. appositus and B. balteatus are all common (Fig. 7).
cWithin elevational region #2, B. flavifrons and B. appositus were similarly abundant (Fig. 8).
dWithin elevational regions #Õs 6Ð7, B. flavifrons and B. balteatus were both abundant and changed little in relative abundance between

regions (Fig. 9).

Table 4. Significant relationships between log-transformed numbers of workers observed per person-hour and either elevational
region or presence or absence of preferred plant species

Bumblebee
species

Workers

Plant species Elevational region Equation

Short-tongued
B. bifarius R2: Pr � 0.001; R3: Pr � 0.001 Log B � 2.83Ð0.24R2 � 0.03R3

B. frigidus Mertensia ciliata: Pr � 0.003 R: Pr � 0.001 Log B � 0.18R � 0.57P
B. sylvicola R2: Pr � 0.001 Log B � 0.033R2

Medium-tongued
B. flavifrons Chamerion angustifolium

(C.a.): Pr � 0.006
Log B � 1.15 � 0.58P(C.a.) � 0.60P

(M.c.)
Mertensia ciliata (M.c.):

Pr � 0.009
Long-tongued
B. appositus Delphinium barbeyi:

Pr � 0.002
R2: Pr�0.001 Log B � 0.86Ð0.035R2 � 0.93P

B. balteatus R: P � 0.001 Log B � 0.34R
Nectar-robber
B. occidentalis Ipomopsis aggregata:

P � 0.001
R:P � 0.001; R2: P � 0.001 Log B � 2.32Ð0.92R � 0.084R2 � 0.52P

Abbreviated scientiÞc names are included in parentheses in cases where presence/absence for two plant species were signiÞcant. Also
included are probability values (Pr) for each test, elevation region (R), the no. of bees recorded per person-hour (B), and presence/absence
for each plant species �P or P(abbreviated scientiÞc name)	. Tests included linear, quadratic and cubic powers of elevational region (i.e., R,
R2 & R3 respectively). Least squares regression equations are presented with the inclusion of any signiÞcant terms. Otherwise all relationships
are not signiÞcant (i.e., PrÕs � 0.01).
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tribution appeared bimodal, with peaks at �8Ð9 mm and
�12Ð13 mm (Fig. 2a), a pattern that is maintained if the
parasitic B. insularis (formerly Psithyrus insularis) is in-
cluded, asqueensof this species fromaroundRMBLhave
an average proboscis length of 8.2 mm (Macior 1974).

For workers of species other than B. rufocinctus, for
which data from around RMBL are not available, the
frequency distribution appeared trimodal with peaks
at �5- 6 mm, 7Ð8 mm, and 10Ð11 mm (Fig. 2b). This
pattern should be maintained if B. rufocinctus are in-
cluded, as workers of this species have relatively short
tongues in Utah (i.e., average �5.2 mm; J. Strange,
personal communication.

Considering both queens and workers, the short-
tongued species are B. bifarius, B. frigidus, B. mixtus,
B. occidentalis, and B. rufocinctus; the medium-
tongued species are B. centralis and B. flavifrons; and
the long-tongued species are B. appositus, B. califor-
nicus, B. balteatus, and B. nevadensis.We do not con-
sider proboscis lengths for males because we have
local data for only seven species.

We therefore follow previous studies (Inouye 1976;
1977; 1978a,b; 1980; Pyke 1982) in recognizing four pro-
boscis categories: short-, medium-, and long-tongued

species that feed legitimately at ßowers, plus a short-
tongued species (B. occidentalis) that legitimately visits
some ßower species, especially those with short corollas,
butcharacteristicallyrobsnectar fromsomeßowerswith
long corollas (Table 2; Figs. 2a and b).

The frequency distribution of numbers of plant spe-
cies versus corolla length shows little or no evidence
of multimodality (Fig. 3), but to facilitate analysis and
discussion we divide corolla lengths into the following
four categories (Fig. 3): zero, short (�7.5 mm); me-
dium (7.5Ð10.5 mm); long (10.5Ð20 mm); and very
long (�20 mm). These categories correspond to the
peaks exhibited by the frequency distribution of co-
rolla lengths (Fig. 3).

Bumble bees primarily visited short-, medium-, and
long-corolla ßowers, seldom appearing on ßowers with
eitherzeroorvery longcorollas (Fig. 4).Visits toßowers
with very long corollas either involved pollen collection
from accessible anthers by species of various tongue-
lengths or nectar-robbing by B. occidentalis.

Across all combinations of bumble bee species and
caste, excluding the nectar-robbing species B. occi-
dentalis, there was the expected positive relationship
between bumble bee proboscis length and the average
corolla length for recorded ßower visits (r2 � 0.7, P�
0.001; Fig. 5).
Elevational Distributions of Bumble Bees and
Flowers.Each bumble bee species had its own distinct
elevational distribution. For each of the seven com-
monly-recorded species, except B. bifarius, the aver-
age numbers of workers recorded per person-hour
peaked at a particular elevation and decreased with
progressively higher and lower elevations (Figs. 6 and
7). However, as was noted previously (Pyke 1982), B.
bifarius showed a major peak in worker abundance at
relatively low elevation and a second, smaller peak at
the highest elevations (Fig. 6).

Within each proboscis length category, most bum-
ble bee species had quite different elevational distri-
butions in terms of worker and male abundances, but
there was considerable overlap between proboscis-
length categories. Within the long-tongued species,B.
appositus was a distinctly low-elevation species,
whereas B. balteatus occurred at relatively high ele-
vation (workers: Fig. 7; males: unpublished). Consid-
ering workers and males of the short-tongued, non-
nectar-robbing species, B. bifarius predominated at
relatively low elevations, B. sylvicola at relatively high
elevations, and B. frigidus at mid elevations (Figs. 6
and 8). The nectar-robbing species B. occidentalis
reached peak abundance, in terms of workers and males,
in elevational region 2 or 3 (Figs. 6 and 8). Across pro-
boscis categories, workers ofB. bifarius, B. appositus, and
B. occidentalis all peaked in abundance in the second-
lowest elevational region (Figs. 6 and 7). The only com-
mon species of intermediate proboscis length was B.
flavifrons; its broad elevational distribution of workers
overlapped with all other species (Fig. 7).

Most frequently visited plant species occurred non-
randomly across elevational regions, providing a basis
for considering relationships between bumble bee and
plant distributions. For the 30 plant species that each

Fig. 2. a: Frequency distribution of average proboscis
length (mm) for workers of each bumble bee species, ex-
cluding cuckoo bumble bees. b: Frequency distribution of
average proboscis length (mm) for queens of each bumble
bee species, excluding cuckoo bumble bees.
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received at least 50 visits, six species increased in
frequency with elevation, four decreased, and seven
peaked at intermediate elevations (Table 2; Fig. 9).
Floral Resources Preferred by Different Bumble
Bee Species. The bumble bee species within each
proboscis length category generally exhibited prefer-
ences for plant species in the corresponding corolla
length category. Workers of bumble bees with short or
long proboscises were recorded preferentially on
plant species with short and long corollas respectively,
as indicated by preference ratios �3 (Table 3). Work-
ers of B. flavifrons, which has a medium-length pro-
boscis, either showed relatively strong preferences for
plant species with medium-length corollas or exhib-
ited moderate preferences (i.e., 2Ð3) for plant species
that spanned the range from short- to long-corollas
(Table 3). Similar patterns are evident when queens
and males are considered (G.H.P., unpublished data).
These foraging preferences are reßected in the ob-

served relationship between bumble bee proboscis
length and the average corolla length for visited plants
(see above and Fig. 5).

However, within each bumble bee proboscis-length
category, different bee species exhibited different
plant preferences, with these preferences showing no
apparent relationship with corolla length. Within the
group of bumble bee species with short proboscises,
the strongest preferences were forViguiera multiflora
and Hymenoxys hoopesii by B. bifarius, Senecio trian-
gularis by B. frigidus, and other Senecio spp, especially
Senecio fremontii and Senecio crassulus, by B. sylvicola
(Table 3). These patterns accord with the previous,
less comprehensive report that B. bifarius preferred
Hymenoxys (Helenium) hoopesii, B. frigidus preferred
Senecio triangularis, and B. sylvicola preferred Senecio
crassulus (Pyke 1982). For the group of bumble bee
species that have relatively short proboscises (i.e., �9
mm), including all castes but excluding the nectar-rob-

Fig. 3. Frequency distribution of ßower corolla lengths (mm) across all plant species for which visitation by bumble bees
was recorded.

Fig. 4. Average number (�1 SE) of bumble bees recorded per plant species versus corolla length category.
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bing species B. occidentalis, there was no signiÞcant re-
lationship between proboscis length and average corolla
length of visited plants (r2 � 0.005, P � 0.8; Fig. 5).

Similarly, within the group of bumble bee species
with long proboscises, different species exhibited dif-
ferent plant preferences, with no apparent relation-
ship between these preferences and corolla length.
Within this group, B. appositus exhibited its strongest
preferences forDelphinium barbeyi andGentiana par-
ryi, whereas B. balteatusmost strongly preferred Cas-
tilleja sulfurea, Gentiana affinis, and Delphinium bar-
beyi (Table 3). In addition, B. appositus showed a
moderate preference for Aconitum columbianum (Ta-
ble 3), whereas B. balteatus was not recorded visiting
this plant species at all. Similarly, B. balteatus showed

a moderate preference forMertensia ciliata (Table 3),
a plant species not visited by B. appositus. In addition,
there were no visits by B. appositus to Castilleja sul-
furea, which, as just mentioned, was highly preferred
by B. balteatus. These results accord with the conclu-
sions in (Pyke 1982) regarding these two bumble bee
species. For the group of bumble bee species that have
relatively long proboscises (i.e., �9 mm), including all
castes, there was no signiÞcant relationship between
proboscis length and average corolla length of visited
plants (r2 � 0.005, P � 0.8; Fig. 5).

The species that robs nectar from a number of plant
species, B. occidentalis, visits a wide array of different
plant species with a wide array of corolla lengths. For
workers of this bumble bee species, the most com-
monly visited plant species (n � 370) are the long-
corollaDelphinium barbeyi (9%); the medium corolla
Aconitum columbianum (13%) and Penstemon strictus
(3%); and the short-corolla Epilobium angustifolium
(15%),Ligusticumporteri (8%), Senecio bigelovii (8%),
and Haplopappus croceus (5%), thus requiring seven
plant species to account for 60% of recorded ßower
visits, compared with four or fewer species required for
the other bumble bee species. At medium- and long-
corolla plants, B. occidentalis either collects pollen or
robs nectar (G.H.P., personal observations). It is also
sometimes observed robbing nectar from the long-co-
rolla Ipomopsis aggregata andCorydalis caseana (Maloof
2001; G.H.P, D.W.I., and J.D.T., personal observations),
although this was not recorded during the current study,
and it visits some zero-corolla-length plant species that
are rarely if ever visited by other bumble bee species
(e.g., Ligusticum porteri: 100% of recorded ßower visits,
n � 28; Heracleum lanatum: 93%, n � 15). Ipomopsis
aggregatawas identiÞed previously as an important plant
species for B. occidentalis (Pyke 1982) and will be in-
cluded in subsequent analyses.

Fig. 5. For each combination of bumble bee species and
caste (excluding B. occidentalis), the average corolla length
(mm) for recorded plant visits is plotted against bumble bee
proboscis length (mm). Also shown is the linear regression
line Þtted to these points (i.e., Y � 
2.6 � 1.2X where X is
proboscis length and Y is corolla length).

Fig. 6. Average numbers (�1 SE) of bumble bee workers recorded per person-hour versus elevational region for three
short-tongued legitimately-feeding species (i.e., B. bifarius, B. frigidus, B. sylvicola) and one nectar-robbing species (i.e., B.
occidentalis). Included time periods are two and three for elevational region 2,576Ð2,727 m; 3 and 4 for elevational regions
between 2,727 and 3,030 m; 4 and 5 for the elevational regions between 3,030 and 3,485 m; and 5 and 6 for the elevational
regions between 3,485 and 3,788 m (Pyke et al. 2011).
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Bumble Bee Distributions Versus Plant Distribu-
tions and Elevation. For the seven most commonly
recorded bumble bee species, the log transformed
numbers of workers and males recorded per person-
hour generally were related to both elevational region
and presence or absence of their major ßoral resources
(i.e., plant species indicated as preferred ßoral resources
by above analysis). In the case of workers, both eleva-
tional region and presence or absence of a major plant
species signiÞcantly affected abundance for three bum-
ble bee species, elevational region alone for three spe-
cies, and two of the major plant species but not eleva-
tional region for one species (Table 4). In the case of
males, both elevational region and presence or absence
of a major plant species were signiÞcant for two bumble
bee species, elevational region alone for three species,

and one of the major plant species but not elevational
region for one species (Table 4). Essentially the same
results areobtained if theanalysesare repeatedusing the
untransformed number of worker bumble bees as de-
pendent variable (G.H.P., unpublished data).

Discussion

Assessing Bumble Bee Abundance. Although orig-
inally dismissed as a dependent variable, because of
likely differences between observers in ability to ob-
serve and identify bumble bees and a tendency for
each observer to concentrate on patches of particular
plant species (Pyke 1982), bees per person-hour now
appears to be the most suitable dependent variable in
assessing bumble bee abundance (current study and

Fig. 7. Average numbers (�1 SE) of bumble bee workers recorded per person-hour versus elevational region for two
long-tonguedspecies(I.e.,B.appositusandB.balteatus)andonemedium-tonguedspecies(i.e.,B.flavifrons). Includedtimeperiods
are2and3 forelevational region2,576Ð2,727m;3and4 forelevational regionsbetween2,727and3,030m;4and5 for theelevational
regions between 3,030 and 3,485 m; and 5 and 6 for the elevational regions between 3,485 and 3,788 m (Pyke et al. 2011).

Fig. 8. Average numbers (�1 SE) of bumble bee males recorded per person-hour versus elevational region for three
short-tongued species that feed legitimately (i.e., B. bifarius, B. frigidus, B. sylvicola). Included time periods are 4 for
elevational region 2576Ð2727 m and time periods 5 and 6 for all higher elevations.
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Pyke et al. 2011). At the time of the original surveys,
Pyke (1982) attempted to minimize interobserver dif-
ferences; furthermore, combining the records of three
observers should “average over” residual differences
among observers. Other analytical approaches, such as
using relativeabundancesofdifferent species andcastes,
wouldbesubject tosimilarbiases, andpossibleeffectson
relative abundance are more difÞcult to analyze and
interpret than effects on bees per person-hour, which
may be considered an index of “absolute” abundance.
Bumble Bee Floral Preferences.Our assessment of

bumble bee preferences regarding the various plant
species is based on the assumption that the total num-
ber of bumble bees recorded visiting ßowers of a
particular plant species provides a measure of the
relative ßoral abundance of that plant species within
our survey sites, and it is possible to imagine situations
in which this assumption does not hold. Future studies
similar to ours should, therefore, include quantitative
assessments of plant and ßoral abundances.
Bumble Bee Distributions. As reported earlier

(Pyke 1982), the most abundant bumble bee species
within a proboscis-length category tended to have
different elevational distributions. The two long-
tongued species in the current study showed altitu-
dinal replacement of one species by the other; so too
did the three short-tongued species (Pyke 1982). Few
other studies have considered such geographic re-
placement or turnover of bumble bee species (but see
Inouye 1977). Similarly consistent with what was re-
ported earlier, each bumble bee species had a small
number of plant species, generally from within the
associated corolla-length category, that constituted a
large proportion of observed ßower visits and were
preferred relative to other plant species. For both
long-tongued bee species, the long-corolla Delphin-
ium barbeyi was both a highly-visited and preferred
plant species. B. balteatus also favored Castilleja sul-
furea, another long-corolla plant species, and Merten-
sia ciliata, a medium-corolla species. The plant species
favored by the three short-tongued bumble bee spe-

cies all have short corollas (i.e., Phacelia leucophylla,
Helenium hoopesii, Senecio triangularis, Senecio crassu-
lus, and Helianthella quinquenervis) except for the
medium-corollaMertensia ciliata, which is favored by
one bumble bee species (i.e., B. frigidus). The medi-
um-tongued B. flavifrons favored two medium-corolla
plant species (i.e., Mertensia ciliata and Aconitum co-
lumbianum). The preferences for Delphinium by B.
appositus and for Aconitum by B. flavifrons also were
reported by Inouye (1978b), whose experimental ma-
nipulations demonstrated that competitive interac-
tions between the bumble bee species are in part
responsible for the resource use patterns.

Also consistent with what was reported earlier, the
bumble bees showed ßower preferences, indicating
that factors in addition to corolla length are involved.
It was concluded previously, for example, that each of
the three short-proboscis bumble bee species ap-
peared to prefer a different plant species: Helenium
hoopesii for B. bifarius, Senecio triangularis for B. frigi-
dus, and Senecio crassulus for B. sylvicola (Pyke 1982).
In the current study we extended these conclusions,
showing that these bumble bee species exhibited pref-
erences in regard to additional plant species.

It is possible that such differences between the
bumble bee species could be the result of nutritional
differences between the pollens of the different plant
species with each bumble bee adapted to the pollen
from a different plant (Pyke 1982). Though the above
three bumble bee species probe the ßowers of their
preferred ßower species, thus collecting nectar and
generally collecting pollen only incidentally, they do
accumulate pollen from these plants in their corbicu-
lae (G.H.P., D.W.I., and J.D.T., personal observa-
tions). Pollens are known to be nutritionally diverse,
different bumble bee species prefer some pollens over
others, and the kind of pollen available affects the
growth and development of bumble bee larvae
(Rasheed and Harder 1997, Genissel et al. 2002, Goul-
son et al. 2005, Hanley et al. 2008).

Fig. 9. Proportion of sites where present (�1 SE) versus elevational region for Aconitum columbianum, Delphinium
barbeyi, and Chamerion (formerly Epilobium) angustifolium.
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However, the present analysis did not support the
original conclusion that bumble bee distributions are
determined by plant distributions, rather than by el-
evation per se (Pyke 1982). By applying multiple re-
gression, we now Þnd that some of the covariation of
bumble bee abundance with elevation remains unac-
counted for by the presence or absence of major plant
species. Key plant species are important but do not
dominate over other unspeciÞed elevational corre-
lates (Table 4). Of course, plant presence or absence,
averaged over a number of sites, is at best a crude
measure of plant abundance, and it is possible that a
more quantitative assessment of plant abundance
would have generated different results.

The new analyses, although generally consistent with
what was reported earlier, are equivocal regarding the
role of interspeciÞc competition in structuring bumble
bee communities around RMBL. The relationships be-
tween average numbers of bumble bees recorded per
hour and presence or absence of major plant species
were no stronger for males than for workers (Table 4),
whereas stronger relationships might be expected if
there is competition for ßoral resources between worker
bumble bees, as such competition is likely to affect the
food resources collected by the workers and subse-
quently converted into production of males. Given the
timelagbetweenegg layingandbeeemergence, it seems
likely that male numbers would be more affected by
interspeciÞc competition between workers than the
numbers of workers themselves.

That bumble bee species replace one another alti-
tudinally could reßect interspeciÞc competition be-
tween bumble bees, but could also result from differ-
ential adaptation to altitude, and its associated climate,
by each bumble bee species. Of course, each bumble
bee species is likely to have become adapted to both
the plant species with which it co-occurs and the
climate it typically encounters, thus increasing the
difÞculty of separating these factors.
Bumble Bee Community Structure. Attempts to

understand community structure have frequently hy-
pothesized that bumble bee species compete for ßoral
resources, most importantly nectar, and therefore can-
not coexist if there is too much similarity in proboscis
length, unless one of the species is a “nectar robber”
and hence has sole access to some ßoral resources
(Inouye 1977, 1978b, 1980; Pyke 1982; Ishii et al. 2008).
This hypothesis has been supported by observations
that, in some cases, 1) the proboscis lengths of coex-
isting and common species appear to be “spaced out”
on the continuum of possible proboscis lengths (In-
ouye 1977, 1978b; Pyke 1982; Bauer 1983; Ishii et al.
2008); 2) the frequency distribution of proboscis
lengths for regionally co-occurring species is multi-
modal (this study); and 3) species with similar pro-
boscis lengths replace one another geographically
(this study; Inouye 1977). Also consistent with this
hypothesis is the likelihood that individual bumble
bees may forage in or disperse to areas some distance
fromwhere theynestandsuccessfullybreed(Pyke1982,
Bauer 1983, Osborne et al. 2008, Lepais et al. 2010,
OÕConnor et al. 2010), as this may explain observed

overlapping distributions of bumble bees with similar
proboscis lengths and the presence of relatively uncom-
mon bumble species with similar proboscis lengths to
common species (Pyke 1982, Bauer 1983).

However, this competition hypothesis has been
contradicted by a number of observations. For exam-
ple, in some studies, when bumble bee species in a
community have been ordered by increasing (or de-
creasing) proboscis length, the observed average ratio of
proboscis length for neighboring species (a measure of
“spacing” between adjacent species in the list) has not
been signiÞcantly different from what would be ex-
pected if the members of this community were chosen
atrandomfromthepoolofavailablespecies intheregion
(Ranta 1982, 1984; Ranta and Tiainen 1982). Further-
more, this conclusion is not altered when the probability
that a particular species is chosen is weighted by its
observed relative abundance (Ranta 1982, 1984; Ranta
and Tiainen 1982). The hypothesis also is contradicted
by the observation that some bumble bee communities
apparently include more species than expected, with
coexisting species sometimes being similar in proboscis
length (Ranta and Lundberg 1980, Ranta 1982, Williams
1989, Goulson and Darvill 2004, Iserbyt et al. 2008).

It is difÞcult to reconcile this difference between
observed community-level patterns re proboscis
length and what is expected under the hypothesis of
competition for nectar. Of many possible explanations
for this, the following stand out. First, spatialÐtemporal
variability enables coexistence of bumble bee species
with similar proboscis lengths because one species is
favored in terms of competition at one point in time or
in one patch of ßowers, whereas another is favored else-
where or at another time (Ranta and Lundberg 1980,
Ranta and Vepsalainen 1981). This could lead to the
coexistence of species with similar proboscis lengths and
hence to a relatively large number of coexisting species
(Ranta and Lundberg 1980, Ranta and Vepsalainen
1981), and could also result in a multimodal frequency
distribution of proboscis lengths.

Alternatively, different species, with similar probos-
cis lengths, are favored in geographically distinct areas
that arenevertheless closeenough for signiÞcantnum-
bers of individuals to move between areas (Pyke
1982). Our observations of how individual bumble bee
species and bumble bee communities vary with ele-
vation are consistent with this.

To understand better the factors that determine
bumble bee communities and, in particular, to be able
to separate the effects of interspeciÞc competition
from the effects of other factors, it may therefore be
necessary to consider study sites where the level of
spatioÐtemporal variability is minimal, or at least mea-
surable, and sites that are sufÞciently isolated that
immigration should not be signiÞcant.

It is also possible that bumble bee species with
similar proboscis length can coexist if different plant
species with similar corolla lengths favor different
bumble bee species by virtue of nutritional differences
between their pollen (Pyke 1982, Goulson et al. 2005).
Differences in ßoral preferences between bumble bee
species with similar proboscis length could reßect

December 2012 PYKE ET AL.: BUMBLE BEE COMPETITION AND COMMUNITY STRUCTURE 1343



such nutritional differences between different pol-
lens, with each bumble bee species preferring and
favored by different plant species (Goulson et al. 2005,
Hanley et al. 2008). Further research on the nutri-
tional values of different pollens to different bumble
bee species will be necessary to measure this possi-
bility (Goulson et al. 2005).
Long-Term Changes. Our reanalysis of the 1974

data, along with other available information, provides
a basis for considering how the distributions of bumble
bees and plants, and relationships between them, may
have changed since then. There are clear spatial and
temporal patterns in terms of both bumble bee species
and the plants they visit, and possible changes in these
patterns can now be considered. Of course, climate
change since 1974 is one factor that may have affected
the bumble bees and the plants they visit, and infor-
mation is available with regard to the nature and mag-
nitude of climate change in the area as well as how
climatic variation and change affects plant distribution
and phenology for plant species that occur in the area
(Inouye and McGuire 1991; Inouye 2000, 2008). In-
tegrating these different kinds of information should
help in understanding the effects of climate change on
bumble bees and the ßowers they visit.

Acknowledgments

The 1974 surveys were supported by the Department of
Biology, University of Utah. Reanalysis of the data collected
duringthesesurveyswassupportedbyNSFgrantsDEB0238331
and DEB 0922080 to DWI, NSERC discovery grants to JDT, and
resources provided to GHP by the Australian Museum.

References Cited

Bauer, P. J. 1983. Bumble bee pollination relationships on
the Beartooth Plateau tundra of southern Montana USA.
Am. J. Bot. 70: 134Ð144.

Chandler, C. R. 1995. Practical considerations in the use of
simultaneous inference for multiple tests. Anim. Behav.
49: 524Ð527.

Genissel, A., P. Aupinel, C. Bressac, J. N. Tasei, and C.
Chevrier. 2002. Inßuence of pollen origin on perfor-
mance ofBombus terrestrismicro-colonies. Entomol. Exp.
Appl. 104: 329Ð336.

Goulson, D., and B. Darvill. 2004. Niche overlap and diet
breadth in bumblebees; are rare species more specialized
in their choice of ßowers? Apidologie 35: 55Ð63.

Goulson, D., M. E. Hanley, B. Darvill, J. S. Ellis, and M. E.
Knight. 2005. Causes of rarity in bumblebees. Biol. Con-
serv. 122: 1Ð8.

Hanley, M. E., M. Franco, S. Pichon, B. Darvill, and D.
Goulson. 2008. Breeding system, pollinator choice and
variation in pollen quality in British herbaceous plants.
Funct. Ecol. 22: 592Ð598.

Harder, L. D. 1982. Measurement and estimation of func-
tional proboscis length in bumblebees (Hymenoptera,
Apidae). Can. J. Zool. 60: 1073Ð1079.

Harder, L. D. 1983. Flower handling efÞciency of bumble
bees: morphological aspects of probing time. Oecologia
57: 274Ð280.

Hartman, R. L., and B. E. Nelson. 2001. A checklist of the
vascular plants of Colorado. Rocky Mountain Herbarium,
University of Wyoming, Laramie, WY.

Inouye, D. W. 1976. Resource partitioning and community
structure: a study of bumblebees in the Colorado Rocky
Mountains. Ph.D. dissertation, University of North Car-
olina, Chapel Hill.

Inouye, D. W. 1977. Species structure of bumblebee com-
munities in North America and Europe, pp. 35Ð40. InW. J.
Mattson (ed.), The role of arthropods in forest ecosys-
tems. Springer, New York.

Inouye, D.W. 1978a. Resource partitioning in bumblebees.
N.Y. Entomol. Soc. 85: 253Ð254.

Inouye, D.W. 1978b. Resource partitioning in bumblebees:
experimental studies of foraging behavior. Ecology 59:
672Ð678.

Inouye,D.W. 1980. The effect of proboscis and corolla tube
lengths on patterns and rates of ßower visitation by bum-
blebees. Oecologia 45: 197Ð201.

Inouye, D. W. 2000. The ecological and evolutionary sig-
niÞcance of frost in the context of climate change. Ecol.
Lett. 3: 457Ð463.

Inouye, D. W. 2008. Effects of climate change on phenol-
ogy, frost damage, and ßoral abundance of montane wild-
ßowers. Ecology 89: 353Ð362.

Inouye, D. W., and A. D. McGuire. 1991. Effects of snow-
packon timingandabundanceofßowering inDelphinium
nelsonii (Ranunculaceae): implications for climate
change. Am. J. Bot. 78: 997Ð1001.

Iserbyt, S., E.-A. Durieux, and P. Rasmont. 2008. The re-
markable diversity of bumblebees (Hymenoptera: Api-
dae: Bombus) in the Eyne Valley (France, Pyrenees-
Orientales). Ann. Soc. Entomol. Fr. 44: 211Ð241.

Ishii,H. S., T.Kadoya,R.Kikuchi, S.-I. Suda, and I.Washitani.
2008. Habitat and ßower resource partitioning between
exotic and native bumble bees: result of the competitive
interactions. Biol. Conserv. 141: 2597Ð2607.

Lepais, O., B. Darvill, S. O’Connor, J. L. Osborne, R. A.
Sanderson, J. Cussans, L. Goffe, and D. Goulson. 2010.
Estimation of bumblebee queen dispersal distances using
sibship reconstruction method. Mol. Ecol. 19: 819Ð831.

Macior,L.W. 1974. Pollination ecology of the front range of
the Colorado Rocky Mountains. Melanderia 15.

Maloof, J. E. 2001. The effects of a bumble bee nectar rob-
ber on plant reproductive success and pollinator behav-
ior. Am. J. Bot. 88: 1960Ð1965.

Nakagawa, S. 2004. A farewell to Bonferroni: the problems
of low statistical power and publication bias. Behav. Ecol.
15: 1044Ð1045.

O’Connor, D. S., G. C. Lye, J. Waters, O. Lepais, and D.
Goulson. 2010. Cryptic differences in dispersal lead to
differential sensitivity to habitat fragmentation in two
bumblebee species. Mol. Ecol. 19: 53Ð63.

Osborne, J. L., A. P. Martin, N. L. Carreck, J. L. Swain, M. E.
Knight,D.Goulson,R. J.Hale, andR.A. Sanderson. 2008.
Bumblebee ßight distances in relation to the forage land-
scape. J. Anim. Ecol. 77: 406Ð415.

Perneger, T. V. 1998. WhatÕs wrong with Bonferroni adjust-
ments. Br. Med. J. 316: 1236Ð1238.

Pyke, G. H. 1982. Local geographic distributions of bum-
blebees near Gothic, Colorado: competition and commu-
nity structure. Ecology 63: 555Ð573.

Pyke, G. H., D. W. Inouye, and J. D. Thomson. 2011. Ac-
tivity and abundance of bumble bees near Crested Butte,
Colorado: diel, seasonal and elevation effects. Ecol. En-
tomol. (in press).

Ranta, E. 1982. Species structure of north European bum-
blebee communities. Oikos 38: 202Ð209.

Ranta, E. 1984. Proboscis length and the coexistence of
bumblebee species. Oikos 43: 189Ð196.

1344 ENVIRONMENTAL ENTOMOLOGY Vol. 41, no. 6



Ranta, E., and H. Lundberg. 1980. Resource partitioning in
bumblebees - The signiÞcance of differences in proboscis
length. Oikos 35: 298Ð302.

Ranta, E., and M. Tiainen. 1982. Structure in seven bum-
blebee communities in eastern Finland in relation to
resource availability. Holarctic Ecol. 5: 48Ð54.

Ranta, E., and K. Vepsalainen. 1981. Why are there so many
species? Spatio-temporal heterogeneity and northern
bumblebee communities. Oikos 36: 28Ð34.

Rasheed, S. A., and L. D. Harder. 1997. Economic motiva-
tion for plant species preferences of pollen-collecting
bumble bees. Ecol. Entomol. 22: 209Ð219.

Stephen, W. P. 1957. Bumble bees of western North Amer-
ica (Hymenoptera: Apoidea). Agricultural Experiment
Station, Oregon State College, Corvallis, OR.

Suzuki, K., I. Dohzono, and K. Hiei. 2007. Evolution of pol-
linator generalization in bumblebee-pollinated plants.
Plant Species Biol. 22: 141Ð159.

Thorp, R. W., D. S. Horning, and L. L. Dunning. 1983.
Bumble bees and cuckoo bumble bees of California (Hy-
menoptera: Apidae). Bulletin of the California Insect
Survey 23: 1Ð79.

Wilkinson, L. 1990. SYSTAT: the system of statistics. SYS-
TAT, Evanston, IL.

Williams, P. H. 1989. Why are there so many species of
bumblebees at Dungeness? Bot. J. Linn. Soc. 101: 31Ð44.

Williams, P. H. 1994. Phylogenetic relationships among
bumble bees (Bombus Latr.): a reappraisal of morpho-
logical evidence. Syst. Entomol. 19: 327Ð344.

Williams, P. H. 1998. An annotated checklist of bumble
bees with an analysis of patterns of description (Hyme-
noptera: Apidae, Bombini). Bulletin of The Natural His-
tory Museum (Entomology) 67: 79Ð152.

Williams, P. H. 2007. Bumblebee ID quick color guide to
the Bombus females of western North America. Natural
History Museum.

Williams, P. H., S. A. Cameron, H. M. Hines, B. Cederberg,
and P. Rasmont. 2008. A simpliÞed subgeneric classiÞ-
cation of the bumblebees (genusBombus). Apidologie 39:
46Ð74.

Wright, S. P. 1992. Adjusted P-values for simultaneous in-
ference. Biometrics 48: 1005Ð1013.

Received 1 November 2011; accepted 27 July 2012.

Appendix A1: Revised description of transects and
study sites

1. Gothic Road Transect (GRT): This transect com-
prised 11 sites along Gunnison County Road 317 from
Crested Butte (elevation 2693 m) to Gothic (elevation
2874 m), a distance of 12.4 km. The site closest to
Gothic (i.e., SRT #01; Table A1) was previously in-
cluded in what was called the ÔGothic TransectÕ, but
the other sites were not included (Pyke 1982).

2. South Gothic Road (SGR): This transect com-
prised 12 sites along a small side road (also locally
known as the Kettle Pond Road) that leaves the
Crested Butte-Gothic Road just south of Gothic and
runs south-easterly for about 2.8 km. This transect was
previously included as the lowermost part of the
ÔGothic TransectÕ (Pyke 1982).

3. SchoÞeld Road Transect (SRT): This transect
comprised 18 sites in Gunnison National Forest along
County Road 317 from Gothic (elevation 2730 m) to
SchoÞeld Pass (3240 m), a distance of about 14.3 km.
All but the two highest of these sites were previously
included in the ÔGothic TransectÕ. The third and sec-
ond highest sites (i.e., SRT #16 & SRT #17) were
located close to Emerald Lake (elevation 3180m) and
were previously considered as a separate ÔEmerald
LakeÕ site (Pyke 1982). The highest site was located at
SchoÞeld Pass (elevation 3240m) and was previously
omitted (Pyke 1982).

4. Washington Gulch Transect (WGT): This tran-
sect comprised 11segments along a foot-trail (United
States Forest Service [USFS] Trail 403) from the USFS
ÔGothicÕ Campground (2940 m) on County Road 317
to the saddle (3440m) between Gothic Mountain and
Mount Baldy. From this point the foot-trail leads down
into Washington Gulch. The segments overlapped
(Table A2) because there was variation from one time

to another in the lengths of trail that were surveyed.
In some cases parts of the trail where elevation was
relatively constant were surveyed separately (Table
A2). This transect was previously referred to by the
same name (Pyke 1982).

5. Mt. Bellview Transect (MBT): This transect com-
prised12 segments alonga regularbutunmarkedwalk-
ing route from County Road 317 to near the summit of
Mt. Bellview. These segments overlapped because of
variation from one time to another in the lengths that
were surveyed (Table A2). The uppermost segment
was only 65 m in elevational range because it ended
near the summit (i.e., 3635Ð3700m). These segments
were previously included as the uppermost part of the
ÔGothic TransectÕ (Pyke 1982).

6. SchoÞeld Park (SP): There were four sites along
the road through SchoÞeld Park (3180 m), which lies
just north of SchoÞeld Pass, in the White River Na-
tional Forest. These sites were previously combined
and included as the lowermost site along the ÔSchoÞeld
TransectÕ (Pyke 1982).

7. Mt. SchoÞeld Transect (MST): This transect con-
sisted of two sites at the bottom (i.e., MST #01 & MST
#2) plus seven segments at higher elevations along a
regular but unmarked walking route from SchoÞeld
Park to near the summit (3760 m) of the unnamed
mountain which rises at the eastern edge of the park,
north of the trail to West Maroon pass. These segments
overlapped because of variation from one time to
another in the lengths that were surveyed (Table A2).
The upper most segment was only 90 m in elevational
range because it reached the summit (i.e., 3635Ð
3725m). This mountain is the nearest mountain to the
north of Mt. Bellview. This transect previously formed
all but the lowermost part of the ÔSchoÞeld TransectÕ
(Pyke 1982).
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Appendix Table A3–1. Average corolla lengths (mm) not pre-
viously available with 1974 plant species names as well as current
species names

Plant speciesÐCurrent name
(Old name)

Average corolla length
(s.e.) in mm

Achillea millefolium 2.4 (0.1)
Agastache urticifolia 8.7 (0.2)
Agoseris glauca 8.8 (0.4)
Aquilegia coerulea (caerulea) 45.3 (1.2)
Campanula rotundifolia 0 (0)
Castilleja miniata 14.4 (0.3)
Castilleja rhexifolia 11.6 (0.3)
Chaenactis douglasii 5.8 (0.1)
Ericameria (Chrysothamnus) parryi 4.7 (0.1)
Erigeron speciosus 3.9 (0.1)
Eriogonum umbellatum 0 (0)
Geranium richardsonii 0 (0)
Lupinus sp 0 (0)
Pedicularis procera (grayi) 15.9 (0.6)
Penstemon strictus 8.4 (0.3)
Polemonium foliosissimum 2.31 (0.01)
Potentilla fruticosa 0 (0)
Potentilla gracilis 0 (0)
Senecio wootonii 4.6 (-)
Sidalcea candida 0 (0)
Trifolium hybridum 2.34 (0.05)
Trifolium nanum 7.6 (0.5)
Wyethia amplexicaulis 6.3 (0.1)
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