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Figure S1. Photos of the bumble bee species studied, (a) Bombus bifarius, (b) B. flavifrons, 

and (c) B. appositus. Photograph credits: (a) by JEO, and (b) and (c) by DWI. 
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Figure S2. The relationship between the size of peak bee abundance in year t and the size of 

peak bee abundance in year t – 1 for (a) Bombus bifarius, (b) B. flavifrons, and (c) B. appositus. 

Data are from three sites in seven years (N = 21). The different shaped points are different 

sites (squares = site A, triangles = site B, circles = site D). For all species there was no 

significant relationship between the current year’s and previous year’s bees using negative 

binomial general linear models with peak bee abundance size in t – 1 and site as fixed effects 

[P = 0.24, 0.68, 0.49 for (a), (b), (c)]. 
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Table S3. Table of the plant species included in the flower assemblage datasets for the focal 

bumble bee species Bombus bifarius, B. flavifrons, and B. appositus at the three sites near the 

Rocky Mountain Biological Laboratory, Colorado, USA. 

 
Bombus  species Plant family Plant species * Site list †  
 
B. bifarius 

 
Asteraceae 

 
Cirsium spp. 

 
A, B, D 

 Asteraceae Dugaldia hoopesii A, B, D 
 Asteraceae Erigeron elatior A, B, D 
 Asteraceae Erigeron speciosus A, B, D 
 Asteraceae Helianthella quinquenervis A, B, D 
 Asteraceae Heliomeris multiflora A, B, D 
 Asteraceae Heterotheca villosa A, B, D 
 Asteraceae Ligularia bigelovii A, B, D 
 Asteraceae Pyrrocoma crocea A, B, D 
 Asteraceae Senecio serra A, B, D 
 Asteraceae Solidago multiradiata A, B, D 
 Asteraceae Symphyotrichum foliaceum A, B, D 
 Asteraceae Taraxacum officinale A, B, D 
 Boraginaceae Hydrophyllum capitatum A, B 
 Boraginaceae Hydrophyllum fendleri A, B, D 
 Boraginaceae Mertensia ciliata A, B, D 
 Boraginaceae Mertensia fusiformis A, B, D 
 Fabaceae Lupinus spp. A 
 Gentianaceae Frasera speciosa A, B, D 
 Liliaceae Erythronium grandiflorum A, B, D 
 Onagraceae Chamerion danielsii A, B, D 
 Portulacaceae Claytonia lanceolata A, B, D 
 Rosaceae Pentaphylloides floribunda A, B, D 
 Rosaceae Potentilla pulcherrima A, B, D 
B. flavifrons Asteraceae Cirsium spp. A, B, D 
 Asteraceae Erigeron elatior A, B, D 
 Asteraceae Erigeron speciosus A, B, D 
 Asteraceae Helianthella quinquenervis A, B, D 
 Asteraceae Heliomeris multiflora A, B, D 
 Asteraceae Heterotheca villosa A, B, D 
 Asteraceae Ligularia bigelovii A, B, D 
 Asteraceae Senecio serra A, B, D 
 Asteraceae Symphyotrichum foliaceum A, B, D 
 Asteraceae Taraxacum officinale A, B, D 
 Boraginaceae Hydrophyllum capitatum A, B 
 Boraginaceae Hydrophyllum fendleri A, B, D 
 Boraginaceae Mertensia ciliata A, B, D 
 Boraginaceae Mertensia fusiformis A, B, D 
 Fabaceae Lupinus spp. A 
 Fabaceae Vicia americana A, B, D 
 Gentianaceae Frasera speciosa A, B, D 
 Gentianaceae Gentianella acuta A, B, D 
 Helleboraceae/Ranunculaceae Aconitum columbianum A, B, D 
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B. flavifrons Helleboraceae/Ranunculaceae Delphinium barbeyi A, B, D 
 Helleboraceae/Ranunculaceae Delphinium nuttallianum A, B, D 
 Onagraceae Chamerion danielsii A, B, D 
 Rosaceae Potentilla pulcherrima A, B, D 
B. appositus Asteraceae Cirsium spp. A, B, D 
 Asteraceae Erigeron elatior A, B, D 
 Asteraceae Erigeron speciosus A, B, D 
 Asteraceae Helianthella quinquenervis A, B, D 
 Asteraceae Heliomeris multiflora A, B, D 
 Asteraceae Heterotheca villosa A, B, D 
 Asteraceae Senecio serra A, B, D 
 Asteraceae Symphyotrichum foliaceum A, B, D 
 Asteraceae Taraxacum officinale A, B, D 
 Fabaceae Lathyrus leucanthus A, B, D 
 Fabaceae Lupinus spp. A 
 Fabaceae Vicia americana A, B, D 
 Gentianaceae Frasera speciosa A, B, D 
 Gentianaceae Gentianella acuta A, B, D 
 Gentianaceae Pneumonanthe parryi A, B, D 
 Helleboraceae/Ranunculaceae Aconitum columbianum A, B, D 
 Helleboraceae/Ranunculaceae Delphinium barbeyi A, B, D 
 Helleboraceae/Ranunculaceae Delphinium nuttallianum A, B, D 
 Onagraceae Chamerion danielsii A, B, D 
 Rosaceae Potentilla pulcherrima A, B, D 
 

* Plant species names follow Weber, WA and RC Wittman (2012) Colorado Flora: Western 

slope. Fourth ed. University Press of Colorado. 

† Sites are identified by letters (A, B, and D). 
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Table S4. Statistical results of the comparison of 16 piecewise structural equation models (SEMs) used to determine the key climatic and 

floral drivers of the abundance of three bumble bee species, Bombus bifarius, B. flavifrons, and B. appositus. Each SEM was comprised of three 

component models, with the number of floral days, annual floral sum, and peak bee abundance as the response variables. The series of SEMs 

varied in the direct and indirect paths (via floral resources) of climate variables on bumble bee abundance, thus we only show the predictors (or 

direct paths) in the bee abundance component model. The two flower models each included the two climate variables (May to July 

precipitation and snowmelt day of year) as predictors in all SEMs. We used a Poisson distribution for the floral days model, a Gaussian 

distribution for the floral sum model, and a negative binomial for the bee abundance model; site was included in all component models as a 

predictor. For each bumble bee species, the best model was that which: (1) had a P value > 0.05 derived from Fisher’s C test statistic and tests 

of d-separation and no statistically significant missing paths between variables (indicated in the “Missing paths” column), indicating that the 

SEM fit the data; and (2) had the lowest AICc value. The best-fit SEM for each bumble bee species is in bold. See the “Direct and indirect 

climate effects on bees” in the methods section of the main paper for further details on analyses. 

 
Bombus 
species 

SEM 
identity 

Predictors (direct paths)  
in bee abundance model 

Fisher’s C P  
value 

AICc K * Missing paths † 

B. bifarius full site, floral days, floral sum, 
snowmelt, precipitation 

1.1 0.577 229.1 19 none 

 1 site 34.25 0 - 15 - 
 2 site, floral sum 38.38 0 - 16 - 
 3 site, floral days 20.19 0.01 - 16 - 
 4 site, snowmelt 42.5 0 - 16 - 
 5 site, precipitation 48.27 0 - 16 - 
 6 site, floral sum, floral days 4.71 0.582 140.71 17 none 
 7 site, floral sum, snowmelt 41.99 0 - 17 - 
 8 site, floral sum, precipitation 53.73 0 - 17 - 
 9 site, floral days, snowmelt 15 0.02 - 17 - 
 10 site, floral days, precipitation 15.68 0.016 - 17 - 
 11 site, snowmelt, precipitation 25.83 0 - 17 - 
 12 site, floral sum, floral days, 8.46 0.076 - 18 precipitation to bee abundance 
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snowmelt 
 13 site, floral sum, floral days, 

precipitation 
9.26 0.055 - 18 snowmelt to bee abundance 

 14 site, floral sum, snowmelt, 
precipitation 

30.93 0 - 18 - 

 15 site, floral days, snowmelt, 
precipitation 

14.2 0.007 - 18 - 

B. flavifrons full site, floral days, floral sum, 
snowmelt, precipitation 

4.81 0.09 232.81 19 none 

 1 site 41.99 0 - 15 - 
 2 site, floral sum 22.88 0.004 - 16 - 
 3 site, floral days 12.88 0.116 122.594 16 none 
 4 site, snowmelt 47.98 0 - 16 - 
 5 site, precipitation 39.49 0 - 16 - 
 6 site, floral sum, floral days 11.02 0.088 147.02 17 none 
 7 site, floral sum, snowmelt 37.73 0 - 17 - 
 8 site, floral sum, precipitation 33.37 0 - 17 - 
 9 site, floral days, snowmelt 10.77 0.096 146.77 17 none 
 10 site, floral days, precipitation 10.98 0.089 146.98 17 none 
 11 site, snowmelt, precipitation 30.78 0 - 17 - 
 12 site, floral sum, floral days, 

snowmelt 
10.12 0.038 - 18 - 

 13 site, floral sum, floral days, 
precipitation 

6.99 0.136 179.79 18 none 

 14 site, floral sum, snowmelt, 
precipitation 

15.4 0.004 - 18 - 

 15 site, floral days, snowmelt, 
precipitation 

10.38 0.034 - 18 - 

B. appositus full site, floral days, floral sum, 
snowmelt, precipitation 

5.28 0.071 233.28 19 none 

 1 site 53.6 0 - 15 - 
 2 site, floral sum 28.32 0 - 16 - 
 3 site, floral days 19.47 0.013 - 16 - 
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 4 site, snowmelt 61.14 0 - 16 - 
 5 site, precipitation 57.36 0 - 16 - 
 6 site, floral sum, floral days 9.13 0.167 145.13 17 none 
 7 site, floral sum, snowmelt 47.6 0 - 17 - 
 8 site, floral sum, precipitation 49.34 0 - 17 - 
 9 site, floral days, snowmelt 21.5 0.001 - 17 - 
 10 site, floral days, precipitation 20.48 0.002 - 17 - 
 11 site, snowmelt, precipitation 39.85 0 - 17 - 
 12 site, floral sum, floral days, 

snowmelt 
19.87 0.001 - 18 - 

 13 site, floral sum, floral days, 
precipitation 

19.36 0.001 - 18 - 

 14 site, floral sum, snowmelt, 
precipitation 

19.33 0.001 - 18 - 

 15 site, floral days, snowmelt, 
precipitation 

15.05 0.005 - 18 - 

 

* “K” is the number of parameters in the SEM.  

† “-” indicates “not applicable”. 
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Table S5. Coefficient table of the best-fit piecewise structural equation model (SEM) describing the key climate and floral drivers of the 

abundance of three bumble bee species, Bombus bifarius, B. flavifrons, and B. appositus. Each SEM was comprised of three component models 

(response variables: number of floral days, annual floral sum, and bee abundance), and each component model had site (three levels) as a 

predictor. The floral days and bee abundance coefficients and standard errors are log (the models had log link functions). See Table S4 and the 

“Direct and indirect climate effects on bees” in the methods section of the main paper for further details on analyses. 

 
Bombus 
species 

Best-fit SEM 
identity * 

Response 
variable 

Predictor variable Unstandardized 
coefficient 

Standard 
error 

Adjusted P 
value † 

B. bifarius 6 floral days precipitation 0.02969 0.00518 < 0.00001 
  floral days snowmelt 0.01399 0.00303 < 0.00001 
  floral days site D - 0.01758 0.08385 0.90982 
  floral days site B - 0.00699 0.08362 0.93340 
  floral sum precipitation 0.00366 0.03916 < 0.00001 
  floral sum snowmelt 0.07993 0.02105 0.00288 
  floral sum site D - 0.00244 0.00624 0.89520 
  floral sum site B - 0.00205 0.00624 0.89520 
  bee abundance floral days 0.17667 0.02906 < 0.00001 
  bee abundance floral sum - 0.00002 7.46e-06 0.02320 
  bee abundance site B - 0.50782 0.30878 0.17160 
  bee abundance site D - 0.22220 0.30431 0.69795 
B. flavifrons 3 floral days precipitation 0.01877 0.00527 0.00147 
  floral days snowmelt 0.00992 0.00298 0.00247 
  floral days site B 0.00359 0.08474 1.00000 
  floral days site D - 3.77e-16 0.08482 1.00000 
  floral sum precipitation 0.00367 0.04135 < 0.00001 
  floral sum snowmelt 0.07559 0.02223 0.00660 
  floral sum site D - 0.00269 0.00659 0.88526 
  floral sum site B - 0.00236 0.00659 0.88526 
  bee abundance floral days 0.13626 0.02464 < 0.00001 
  bee abundance site B 0.77678 0.27857 0.00972 
  bee abundance site D 0.58074 0.27678 0.05641 
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B. appositus 6 floral days precipitation 0.02088 0.00588 0.00150 
  floral days snowmelt 0.01166 0.00333 0.00150 
  floral days site D - 0.00885 0.09407 0.92510 
  floral days site B - 0.00885 0.94073 0.92510 
  floral sum precipitation 0.00353 0.04186 < 0.00001 
  floral sum snowmelt 0.07508 0.02250 0.00740 
  floral sum site B - 0.00306 0.00667 0.78276 
  floral sum site D - 0.00306 0.00667 0.78276 
  bee abundance floral days 1.11603 1.02048 < 0.00001 
  bee abundance site D - 0.65151 0.22417 0.00740 
  bee abundance floral sum 2.21e-06 3.45e-06 0.78276 
  bee abundance site B 0.12809 0.20576 0.78276 

 
* Best-fit model identities are from Table S4. 

† We used the Benjamini-Hochberg multiple comparisons procedure to correct P values. 
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Figure S6. Patterns in (a-c) peak bee abundance, (d-f) the number of days above a flower 

threshold (0.75/m2), and (g-i) the cumulative sum of flowers (to 80% of the season total) of 

the three bumble bee species and their floral assemblages over 8 years (2009-2016) at three 

sites (N = 24). The different shaped points are different sites (squares = site A, triangles = 

site B, circles = site D). There was no significant directional trend through time for each 

variable and species using linear or negative binomial models with year and site as fixed 

effects (P > 0.05). 
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Figure S7. Timespan measures of the floral assemblages visited by the bumble bee species 

Bombus bifarius, B. flavifrons, and B. appositus over 1974-2016 near the Rocky Mountain 

Biological Laboratory, Colorado, USA. (a) The number of days in the floral season from 

first flowers to the date on which 80% of flowers had accumulated over the long-term. This 

floral timespan measurement differed from the number of floral days (days above 0.75 

flowers/m2) by including all days, regardless of flower abundance. The number of days in 

the floral season increased over time for the B. bifarius and B. flavifrons floral assemblages 

by 20.9 ± 5.2 and 20.8 ± 5.3 days (linear models [LMs] with year as the fixed effect B. 

bifarius: F1,36  = 15.9, P = 0.0003; B. flavifrons: F1,36  = 15.6, P  = 0.0003) and marginally so 

for the B. appositus floral assemblage by 10.4 ± 5.4 days (F1,36  = 3.6, P = 0.064). (b) The 

number of low floral days (≤ flower threshold of 0.75 flowers/m2) significantly increased 

through time for the B. bifarius and B. flavifrons floral assemblages by 12.4 ± 3.5 and 8.7 ± 

3.1 days, respectively (LMs with year as the fixed effect, B. bifarius: F1,36  = 12.7, P = 0.001; 

B. flavifrons: F1,36  = 7.8, P  = 0.008), and marginally so for the B. appositus flowers by 6.15 ± 

3.4 days (F1,36  = 3.2, P = 0.081). N = 38 years for each species in (a) and (b). Solid and 

dashed lines represent significant and marginally statistically significant relationships, 

respectively. These combined results show that the lengthening of the floral season over 

time is associated with an increase in low floral days. 
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Figure S8. The relationship between the peak number of bumble bees seen per hour and the 

number of low floral days over 2009-2016 for (a) Bombus bifarius, (b) B. flavifrons, (c) B. 

appositus. Peak abundance in all three bumble bee species was negatively affected by the 

number of days equal to or below a low flower threshold (0.75 flowers/m2) 

(negative binomial GLMs with number of low floral days and site as fixed effects; B. bifarius: 

ß = -1.11, SE = 1.03, P = 0.0008; B. flavifrons: ß = -1.06, SE = 1.02, P = 0.008; B. appositus: ß 

= -1.08, SE = 1.03, P = 0.005). Data are from three sites in eight years (N = 24). The 

different shaped points are different sites (squares = site A, triangles = site B, circles = site 

D). It is important to note that the negative effect of low floral days on bee abundance is 

strongly influenced by data points from one year—2012, in which there was a damaging 

spring frost and a summer drought (data not shown). Nonetheless, these are actual data and 

demonstrate the sensitivity of bumble bee populations to extreme years with a large number 

of low floral days. The number of low floral days have increased over 1974-2016 (Fig. S6). 


