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ABSTRACT 

The distribution and abundance of six bumblebee species (Bombus) 

and their associated flowers were studied for 12 weeks in 26 discrete 

subalpine meadows over the summer of 1981. Principal component 

analysis of flower densities identified phenological patterns of 

blooming and differential affinities of plants for moisture as the major 

contributors to flower variation among the meadows. 

A positive relationship between bumblebee species diversity and 

meadow area in the early summer and mark-recapture experiments suggested 

that queens are attracted to large meadows for nest establishment. After 

colony initiation meadow floristics govern Bombus species diversity and 

abundance. Results showed that: 1) mid- to late-summer bumblebee 

diversity, the temporal occurrence of new queens, and the densities of 

two species were correlated with the density of nectar producing flowers; 

2) flower composition in meadows where local extinctions of at least one 

Bombus species occurred differed from those where all species persisted; 

and 3) the number of species reaching reproductive fruition was 

independent of bumblebee species composition. These results underscore 

the importance of nectar resources in Bombus colony and guild development. 

Multiple regression analyses were used to relate the effects of 

meadow size, elevation, and floristics to observed densities of Bombus 

flavifrons and!. rufocinctus. In mid- to late summer a significant 

portion of the variation in densities not explained by these variables 

was accounted for by densities of congenerics. In meadows where all 

x 
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Bombus were removed except!. flavifrons or !. rufocinctus significant 

positive density compensation was observed for the latter, but not the 

former. These results are suggestive of relationships among bumblebee 

densities, intensity of competition, colony ontogeny, colony reproduction, 

and local floristics that question both the 1) simplistic views of Bombus 

guild organization based on the paradigm of tongue length, corolla depth, 

and character displacement; and 2) the stochastic view that flowering 

phenologies and developmental time lags thwart resource-based guild 

organization. 



CHAPTER 1 

COlONIZATION, EXTINCTION. AND REPRODUCTION OF BOMBUS 
(HYMENOPTERA: APIDAE) IN SUBALPINE MEADOWS IN NORTHEASTERN UTAH 

Because of the morphological and ecological similarities (and 

differences) of bumblebees (Bombus) and their putative roles as pollina

tors, they have been the focus of a wide range of inquiries. It has been 

well established that guilds of angiosperm plants compete for bumblebee 

po 111 nacor~ (t ree ... .3ta, Hocio ng 1~68, Macior 1974, Mosqui n 1971, Reader 

1975, Pleasants 1980, Thomson 1980, Waddington 1981) whereas guilds of 

Bombus compete for floral resources (Brian 1954, 1957, Hasselrot 1960, 

Anasiewicz 1971, Heinrich 1976a, b, Inouye 1978, 1980, Morse 1977, 1978, 

Ranta et al. 1981, Pyke 1982). From this it has been inferred that 

coevolution has favored those traits which increase the competitive 

ability of plants (for pollinators) and bumblebees (for flower resources) 

while increasing the efficiency of pollen transfer (Faegri and van der 

Pijl 1971, Procter and Yeo 1972, Pojar 1974, Pyke 1978a). 

As possible manifestations of these interactions we observe in 

plants visited by bumblebees 1) staggered flowering periods, 2) conver

gence and divergence of corolla color and shape, and 3) variation in the 

quality and quantity of fl.oral reward. Corresponding variation in tongue 

length, body size, and foraging strategies can be found in most bumblebee . 
assemblages (e.g., Inouye 1980, Pyke 1978b). These morphological and 

ecological patterns have attracted ecologists hoping to c~nnect 

1 
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morphological variation to functional roles. Many have asked a version 

of the familiar question: What are the determinants of Bombus species 

diversity? Most attempts to answer this question pose an additional one: 

Are flower resources limiting to Bombus? 

The answer to the second question is a focus of debate. Inouye 

(1978, 1980) suggested that in the presence of resource competition there 

should not be more than four coexisting bumblebees in any community: i.e., 

one short-, one medium-, and one long-tongued, plus one "robberll species. 

These are thought to reflect the matching of proboscis lengths to the 

corresponding variation in corolla-tube lengths of a limited floristic 

resource base. Some recent work supports this scheme (Liu et al. 1975, 

Heinrich 1976a, Veno 1979, Pyke 1982). However, this explanation is not 

sufficiently general to account for the six to eleven Bombus species 

which coexist in many North and Central European communities. 

Ranta and Vepsalainen (1981) contend that spatial-temporal 

variation in available flower resources rarely gives any set of Bombus 

a competitive advantage; hence, they argue that more bumblebee species 

are associated with dynamic flower ensembles than would be predicted by 

a simple morphological model based on tongue lengths (see also Ranta and 

Lundberg 1980, Ranta et al. 1981). 

Further, they (along with Heinrich 1976c) correctly point out 

that the ontogeny of Bombus colonies leads to seasonal variation in the 

density of foraging workers. Consequently, the competitive milieu for 

both plants and bumblebees changes over th~ season. 

Past inquiries of Bombus community composition fail to consider 

several important details stemming from such ontological and 
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phenological variation. First, studies focusing on Bombus diversity fail 

to consider the first stage of colony initiation and guild development 

(but see Richards 1978). Dispersing queens choose nest sites, establish 

colonies and eventually produce workers. What are the factors influen

cing these early stages of community development, particularly the 

location and choice of nest sites? The point is not moot because the 

evolutionary forces acting on nest selection of queens may not always 

coincide with those influencing subseuqent colony success. 

Second. the presence of a Bombus species in a given habitat 

does little to characterize community composition. It is the reproduc

tive success of that species that is of significance. The phenology of 

flowering of most plant species occurs on a fast time scale relative to 

Bombus colony life history. Hence, the presence of a particular Bombus 

species may be ephemeral and result from the exploitation of only a few 

flower species, possibly early in the season when competition for 

resources may be low. The successful production of sexua1s, however, 

signifies that a particular colony has acquired sufficient resources over 

the season to complete its colony cycle. 

Here I examine the general question: How do life history 

processes of colonies affect the composition of bumblebee guilds? 

Specific questions are: 1) What determines the dispersal to and coloni

zation of meadows by queens in the spring. and how does this affect the 

composition of late-season Bombus assemblages? 2) What role do floris

tics play in determining local Bombus diversity, as well as the persis

tence and reproduction of particular species? and 3) Are resource

mediated extinctions an important factor limiting local bumblebee 



diversity? This analysis focuses on the differential occurrence of 

species and castes during one season. Subsequent papers will present 

results on the fluctuations in population densities and the exploitation 

patterns of particular flower associations. 

Study Area 

This study utilized subalpine meadows delimited by dense conif

erous forest of lodgepole pine, Englemann spruce and subalpine fir. 

4 

The meadows are in, or adjacent to, th~ upper Duchesne River basin of the 

Uinta Mountains of northeastern Utah (Figure 1). The meadows occur in 

wet drainage bottoms and poorly drained valleys. They vary from 0.6 to 

22.1 ha in area and 3047 to 3317 m in elevation (Table 1). Meadow areas 

were measured from aerial photographs (EROS images IVEFM00580366 and 67). 

Elevations are from topographical maps. Among the meadows there was a 

strong positive correlation between size and elevation (using logarithm 

of area; r = .59, p « .01). 

Meadows were selected on the basis of their: 1) discreteness as 

habitat islands in the forest matrix, 2) accessibility by roads and/or 

pack trails, and 3) minimum inter-meadow distances of 0.4 km. The data 

presented in this paper are from the summer of 1981. 

Sampling Methods 

Flowers 

Forty-nine square 1_m2 study quadrats were randomly placed in 

each of the 26 meadows; positions were permanently marked and remained 

constant over the summer. The number of flowers and/or inflorescences 
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Tab le 1. Elevation and size of meadows listed with associated Bombus (by caste). -- Q. W. and 
R indicate that queens. workers and new reproductives (i.e., those that appear in late summer) were 
observed in that particular meadow. Experimental meadows omitted from most of the analyses in this 
paper are identified (*). The specific location of each meadow within the study area can be found by 
matching numbers with those of Figure 1. 

Elevation Size Bombus species 
Meadow (m) (ha) bifarius centralis flavifrons huntii occidental is rufocinctus 

1 3200 5.3 Q W R Q W Q W R 
2 3200 11.4 Q W Q W R Q W Q W R 
3 3246 13.4 Q ~J Q W R Q W R Q W Q W R 
4 3092 1.7 Q W R Q W R 
5* 3092 3.1 
6 3061 6.1 Q Q W R Q W 
7 3138 9.4 Q W Q W R Q Q 
8 3184 2.8 Q W Q W R 
9 3107 0.6 Q W R 

10* 3076 3.2 - - -
11* 3074 3.2 
12* 3092 2.3 
13 3061 2.4 Q W R Q W 
14* 3095 3.7 
15 3092 1.3 Q W R Q W R 
16 3261 8.4 Q W R Q W R Q W R Q W 
17 3061 1.2 Q W R Q W R 
18 3047 5.4 Q W Q W R Q W 
19* 3230 4.6 
20 3317 22.3 Q W Q W R Q W R Q W Q W 
21 3132 1.7 Q W R Q W R 
22 3211 1.7 Q W R Q W 
23 3209 2.4 Q W Q W R 
24 3215 6.1 Q W Q W R Q W Q W 
25 3220 9.8 Q W Q W R Q W R Q Q W 
26 3204 7.2 g W g W R _~"L_ g Q W '" 



of each plant species occurring in the 49 quadrats were tallied in each 

of the 12 weeks from 21 June to 6 September, 1981. Plants were identi

fied using a regional plant key (Welsh and Moore 1973). 

Inter-meadow Movement of Queens and Workers 

What are the movement patterns of bumblebees among meadows? The 

forest proper is extremely flower-poor suggesting that bumblebees might 

limit their foraging to meadow habitats. Mark-recapture methods were 

employed at' two times during the summer to examine the movement of 

bumblebees among neighboring meadows. The first began on June 28 and 

focused on the dispersal of queens before colony initiation. Fifty-two 

Bombus flavifrons queens were marked in Meadow 14 as they searched for 

nest sites. a behavior which can readily be distinguished from that of 

foraging. Bees were captured, marked with a small dab of enamel paint 

on the thorax and then released. 

7 

Meadow 14 was selected because it lay at the center of several 

meadows with small inter-meadow distances (Figure 1). Consequently. if 

bumblebees move between meadows it should be most apparent here. Bombus 

flavifrons was chosen because of ,its high absolute and relative densities 

at all times of the summer relative to the other Bombus. On three days 

subsequent to marking, Meadow 14 and the surrounding four meadows (see 

Figure 1) were searched for at least 2 h. Marked bees were captured, 

counted. and placed in two-liter flasks and released at the end of the 

census. On July 24 the same procedure was repeated except that 48 

foraging Bombus f1avifrons workers were marked in Meadow 14. 



Distribution of Bombus Among Meadows 

The qualitative (i.e., presence/absence) data on species and 

caste distribution comes mainly from methods designed to measure quanti

tative aspects. Chapter 2 will report these more detailed measures. 

Bumblebees were censused in randomly-placed circular plots of 5-m radius 

(78.54 m2 area). Five such plots were censused in every sample period 

(total area sampled = 5 X 78.54 = 377.7 m2) with at least three periods 

8 

per week per meadow. In contrast to floristic quadrats, bumblebee plot 

locations varied between sampling periods. The data recorded for these 

plots included: 1) the number of Bombus individuals by speCies and caste, 

2) the flowers on which bumblebees were observed, 3) air temperature (oC) 

and 4) time of day at which observations were made (MST). Only bees 

observed in the sampling plots when they were first delimited were 

recorded. Bombus taxonomy follows Hurd (1978). 

Results and Discussion 

Analysis of Floristic Variation 

Subalpine flower assemblages exhibit substantial variation in 

composition, both spatially and temporally in terms of blooming phenolo

gies (Hollway and Ward 1965). The temporal component of such variation 

and its importance to Bombus has been described (Hocking 1968, Mosquin 

1971, Heinrich 1976b, c, Pleasants 1980, Veno 1979) and speculated on 

(Ranta and Lundberg 1980, Ranta and Vepsalainen 1981, Ranta et al. 1981). 

The spatial component has also received much attention (Green and Bohart 

1975, Moldenke 1975, Heinrich 1979a, Lundberg and Ranta 1980). 
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In contrast to most of the above inquiries I will not present 

a species-by-species account of the floristic variation in time and space. 

Instead I use indices which group meadow floristics into general associ

ations reflecting both species compositions and relative abundances. 

This approach is warranted because the resource base of most Bombus 

colonies in natural habitats includes a large portion of the flower 

assemblage (e.g., Hobbs 1962). Variation in the exploitation of flowers 

over time, within and among individual foragers (i.e., the dynamics 

underlying the patterns of "majoring." "minoring" and "sampling"). 

supports this premise (Heinrich 1979b). 

During the summer of 1981, 41 flowering plant species were 

encountered in the sampling quadrats. Of these, Bombus were observed 

to use only 20 (for a list of flower densities by week, meadow, and 

species see Appendix A). Subsequent analyses include only these 

bumblebee-exploited species. Among this set of flowers there is much 

variation in flowering periods (Figure 2) and in the local densities 

among the meadows. 

Principal component analysis was used to examine the variation 

of flower densities in time and space (BMDP program P4M; Dixon 1981). 

This analysis is a straightforward method of transforming a given set of 

variables into a new set of composite. but independent, variables (i.e., 

principal components) which reveal underlying patterns of association 

(see Harris 1975) for details. This multivariate technique allowed a 

reduction of floristic data from 20 variables (i.e., flower species) to 

three discrete, descriptive variables: factors I, II, and III. 
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Factor I, accounting for 23S of the variation in floristics, 

reflects the temporal sequence of flowering through the summer. This can 

be seen by examining the factor score coefficients for the plant species 

(Figure 2). The early flowering plants (i.e., Arctostaphylos, ~

catheon, Pedicularis) have relatively large negative coefficients 

whereas late flowering species have large positive coefficients (i.e., 

Achillea, Gentiana, Polygonum, and Potent;lla). 

Factor II, accounting for 15% of the sample variance, measures 

primarily the separation of mid- to late-season flowers along a continuum 

of wet and dry habitats. All meadows are wet in early summer and they 

possess similar floras, but as the season progresses meadows dry out to 

different degrees and their floras become increasingly distinctive. 

Negative coefficients for factor II (Figure 2) typify plants associated 

with relatively dry meadows (i.e., Achillea, Cirsium, Erigeron simplex, 

and Potentilla), while positive coefficients characterize plants of more 

mesic situations (Aconitum, Castilleja, Epilobium, Mertensia, Senecio and 

Trifolium). 

Factor III, explaining 9% of the variation in floristics, appears 

to separate plants on the basis of substrate affinities. Hieracium and 

Senecio have relatively large negative coefficients and are commonly 

found on coarser substrates compared to those species with positive coef

ficients (Dodecatheon, Erigeron compositus, Pedicularis, and Trifolium). 

Overall, the first three principal components explain 47% of the 

variation in flower densities. Though this figure is not particularly 

high, it categorizes flowers into general associations in time and space. 

Undoubtedly, a large component of the unexplained variance is due to 
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elevational differences, meadow size, and general topographical features 

of the surrounding areas. The remainder of the analyses will employ only 

factors I and II. 

Principal component analysis can also categorize entire flower 

associations into composite variables with respect to factors I and II. 

This may be done by defining the factor score of a meadow for a given 

week as 

t Fsc
1
• (A. - A.)/S. 

1 1 1 

where Fsc i is the factor score coefficient (for factor I or II), Ai is 

the observed flower density (for that meadow and week), and A. is the mean 1 . 

density and 5i is the standard deviation of species i over all meadows 

and weeks. The composite variables generated in this fashion yield indices 

of the temporal phenology of flowering (factor score I) and the relative 

moisture attributes (factor score II) of a meadow's entire plant associ

ation. A map of factor scores I and II for all 26 meadows and all 12 

weeks is given in Figure 3. This summarizes both temporal and spatial 

patterns of floristic variation. Early in the season (low scores on 

factor I) all meadows are similar with respect to scores on factor I and 

II (henceforth referred to as FSI and FSII). However, as the season pro

gresses some meadows dry out (low FSII) while others remain mesic (high 

FSII). The overall effect of this differential drying is to increase the 

variation in floristic composition among meadows. At the same time the 

normal phenology of flowering is seen as an increase in the estimate of 

floristic succession (FSI). Essentially by tracking a meadow's factor 

scores one tracks its floristics in space and time. How do these 

temporal and spatial patterns of floristic var'ation affect the Bombus 
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Figure 3. Flower and Bombus variation in time and space. 
Location of points represent factor scores (FSI and FSII) of meadow 
floristics generated via principle components analysis of flower densi
ties in all 26 meadows for all 12 weeks; total points = 312. These 
scores are simply the appropriate factor coefficient (either factor I or 
II, see Figure 2) multiplied by the standardized flower density for a 
particular species, meadow, and week, summed over all species. Plotted 
are the number of Bombus species (regardless of caste) observed in each 
meadow for a particular week as a function of FSI and FSII. 



assemblages? The numbers plotted in Figure 3 represent the number of 

bumblebee species present in a given meadow for a given week. 

Site Specificity of Queens and Workers 

The meadows proper appear to be centers for colony initiation. 

14 

Very few queens were observed searching for nest sites at distances 

greater than 100 m from a meadow. Although this may reflect a sampling 

scheme biased towards meadow habitats, the suggestion is that queens seek 

out meadows or adjacent areas in which to build nests. 

It is clear that the dearth of resources in the forest understory 

may limit foraging areas of Bombus irldividuals to meadow habitats and 

restrict movement between meadows. This is supported by other work 

suggesting that bumblebees usually forage in close proximity to the 

colony (Braun et al. 1956, Free 1970, Crosswhite and Crosswhite 1970, 

Anasiewicz 1971; but see Heinrich 1976a) and, in one study (Brian 1954) 

not more than 19 m away. The proposed causal factors promoting this site 

specificity are the costs of travel in terms of time (Beutler 1951), 

energy (Park 1922), or a combination of these (Heinrich 1975). 

Bombus flavifrons queens do disperse between meadows early in 

the summer (Figure 4) before colony initiation. In contrast, none of 

the 48 marked Bombus flavifrons workers were observed in adjacent 

meadows (although they were sighted in the original meadow) during cen

suses on days following marking. Apparently, individuals of established 

colonies are quite. sedentary, and confine their foraging to a single 

meadow. Additional data supporting this contention comes from the six 

experimental meadows not discussed in this chapter (see Chapter 2). In 

three of these all Bombus but flavifrons were removed while in the other 
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three all but rufocinctus were removed. After removal, and throughout 

the remainder of the season, virtually no workers, males or new queens 
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of the removed species were observed in these habitats. Thus, it appears 

that in mid- to late summer the meadows may represent replicate isolated 

systems of natural experiments in plant-pollinator interactions. Even 

if bumblebees do move between meadows during foraging bouts (and they 

probably do to a limited extent) it is the flowers closest to the colony 

that potentially offer the largest reward per time and energy expended. 

Moreover, the economics of flying long distances to adjacent meadows are 

probably poor considering that Bombus inhabit every meadow and appear to 

be limited by flower resources in all mid- to late-season situations 

(Chapter 2). 

Distribution of Bombus Species and Castes 

Six bumblebee species were distributed among the 26 meadows in 

combinations of one to five species (Table 1). Five species have 

relatively short proboscises (Table 2; Bombus bifarius, !. flavifrons, 

!. huntii, !. occidenta1is, and!. rufocinctus). 

Bombus f1avifrons established colonies and reproduced in every 

meadow. Bombus occidentalis was relatively rare: founding queens 

occurred in five meadows, workers in two meadows and new reproductives 

failed to occur in any of the 20 meadows (these and all following 

analyses treat only the unmanipu1ated meadows; see Table 1). After B. 

f1avifrons, !. rufocinctus occurred most frequently. 

Bombus bifarius queens occurred more frequently in lower (r = 

-0.128) and!. huntii in higher meadows (r = 0.643) than expected if bees 



Table 2. Bumblebee spec;es that occurred over the 26 meadows ;n 1981. -- Length of fore-
wing, proboscis length, and body weights are given with standard deviations and sample sizes. 
Only workers were measured. 

Fore-wing length (mm)a Proboscis length (mm)b Body weight (mg)c 

Species X sd N X sd N X sd N 

Bombus b;tarius 12.0 3.5 38 5.8 1.4 34 144 30 38 

Bombus centrali~ 13.4 4.1 27 8.4 1.0 26 182 47 27 

Bombus flavifrons 11.1 3.9 76 7.6 1.1 64 157 34 79 

Bombus huntii 10.2 3.0 21 5.9 0.8 17 141 31 23 

Bombus occidentalis 13.9 2.6 22 5.7 1.1 29 199 39 35 

Bombus rufocinctus 10.0 2.8 48 7.6 0.9 42 147 30 51 

alength from the ventral costal to the dorsal submarginal 
b length of the glossa and prementum together 

cwet weight 

~ ....., 
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colonized meadows indiscriminantly. Using partial correlation techniques 

to factor out the effect of meadow size, these trends are still apparent: 

r= -0.310 for !. bifarius and r = 0.434. Omitting B. flavifrons (which 

occurred in all meadows), the presence of queens of the remaining five 

species all showed strong correlations with meadow size (Table 3). As a 

result of this, the larger the meadow the more diverse the early-summer 

bumblebee assemblage. A similar trend held for worker castes. 

Bumblebee assemblages comprised of more than one species with 

short tonJues are common (Medler 1962, Cockerall and M'Nary 1962, 

Anasiewicz 1971). Further, Pyke (1982) in an analysis of the elevational 

distribution of Bombus in Colorado reported similar trends to that docu

mented here: i.e., 1) the abundance of !. bifarius was negatively 

correlated with elevation above 2900 m, 2) Bombus flavifrons was by far 

the most abundant bumblebee over a similar elevational range, and 3) 

Bombus centralis and B. occidentalis were rare at elevations above 2800 

m. One difference is that Bombus rufocinctus was relatively more abun

dant in the present study than in Colorado. The decreasing abundance of 

!. flavifrons above 3100 m, as reported by Pyke (1982) and Byron (1978), 

was not evident. 

Conditional probabilities for Bombus caste transitions are given 

in Table 4. These are calculated on a per-meadow basis, i.e., 1) the 

probability of observing queens of species i in meadow j; 2} given that 

queens of species i occur, the probability of observing workers of that 

species; and 3) given that workers of species i are present in a meadow, 

the probability of observing new reproductives. The frequency of 

occurrence of a species over the meadow system covaries with the 
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Table 3. Pearson product-moment correlation coefficients between 
the occurrence ofoBombus species (by caste) and meadow size and elevation 
(m). -- Meadow size was expressed as logarithm base 10 in ha. Because 
all castes of Bombus flavifrons occurred in all meadows it is not 
included in this table. 

Queens 

Species Size 

B. bifarius .199 

B. centralis .654** 

B. hunti i .629** 

B. occidentalis .595** 

B. rufocinctus .395 

*significant at p = .05 

**significant at p = .01 

Elevation 

- .129 

.675** 

.643** 

.432 

.028 

Workers New Reproductives 

Size Elevation Size Elevation 

.150 .009 

.654** .675** .204 .324 

.629** .643** .578** .637** 

.452* .496* 

.263 .051 -.282 -.225 
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Table 4. Colonization and colony transition probabilities of the 
six Bombus species. -- See text for details on probability calculations. 
Probabilities are based on caste occurrences in the 20 non-experimental 
meadows as shown in Table 1. 

Species p{Q)a p(W/Q)b P(NR/W)c 

B. bifarius .35 .86 .00 

B. central is .25 1.00 .20 

B. f1 avifrons 1.00 1.00 1.00 

B. huntii .50 1.00 .40 

B. occidental is .25 .40 .00 

B. rufocinctus .75 .93 .50 

aprobability that queens occur in a given meadow 

bgiven that queens occur, the probability that workers also occur 

Cgiven that workers occur, the probability that new reproductives occur 



probability of that species successfully completing its colony cycle. 

This suggests that distributional patterns of Bombus among meadows are 

related to success at the individual meadow level. For example, the 

widely occurring species, Bombus f1avifrons and !. rufocinctus, had 

higher conditional probabilities of completing colony cycles than the 

rarer species. An explanation for this may be that widely occurring 

species establish more colonies per meadow. Therefore, even if factors 

which oppose colony cycle completion work equally over all Bombus, 
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there is a greater probability that at least some colonies of widely 

occurring species will reach maturity and produce reproductives. Under 

this scheme the patterns of colony fruition may be viewed as a sampling 

problem which relates the success of bumblebee species within meadows to 

their distributions among meadows. 

Seasonal Correlates of Bombus Diversity 

Figure 5 summarizes the results of 12 stepwise multiple regres-

sions, one for every week of the summer. The number of Bombus species in 

a meadow (regardless of caste distinction) was the dependent variable. 

The independent variables were the logarithm (base 10) of meadow area, 

meadow elevation and meadow factor scores for that week (FSI and FSII). 

The statistic used here is the coefficient of determination (R2). 

The multiple regression with all independent variables included 

(R2 total) accounted for 18% of the variation in Bombus diversity in 

week one, increased to almost 90% in week three, and then decreased 

throughout the summer to a value of 14% in week 12. The amount of vari

ation in diversity accounted for by individual predictors changed 
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markedly over the summer. In week three meadow area alone accounted for 

81% of the variation in bumblebee·diversity. This week corresponds with 

the time when queens of all species were searching for suitable nest 

sites suggesting that meadows might be colonized by queens on the basis 

of their size or other variables (e.g., microhabitat diversity, or nest 

site availability) correlated with meadow size. 

The relationship between Bombus diversity and meadow area (both 

on a logarithmic scale) for week three is well described (r= .923) by a 

straight line with a slope of .458. This slope is much steeper than 

reported for most species-area relationships (e.g., Wright 1981). It 

may be that queens of all species differentially select larger meadows 

for colony sites while rejecting small ones. It is not known whether 

the basis for such apparent selection lies in non-linear relationships 

between meadow area and the number of suitable nest sites, or is some 

peculiarity of searching behavior of queens. Several authors would 

suggest the former (Plath 1934, Richards 1978). 

After week three meadow size decreases in importance and 

towards the end of the season elevation und meadow floristics explain 

a significant portion of the variation in Bombus diversity. Towards the 

middle of the season the system is characterized by strong correlations 

between meadow size, elevation, and FSII (Table 5). Large meadows are 

found at higher elevations, lose runoff to the lower, smaller meadows, 

and, consequently, are relatively dry (i.e., have lower FSII's). In 

contrast, smaller meadows remain relatively mesic throughout most of the 

summer, as reflected by their high FSII's. Mid- to late-season Bombus 

assemblages appear to be increasingly affected by their associated 



24 

Tuble 5. Pearson product-moment correlation coefficients between 
meadow size, elevation, and meadow factor scores for week seven. 

Size Elevation Factor score 
(10910 ha) (m) I II 

** -.034 ** Meadow size .589 -.580 

Meadow elevation .206 -.430 

FSI .347 

** significant at p = .01 

flowers. This becomes apparent when partial correlation techniques are 

used to factor out the effects of meadow size and elevation on bumblebee 

diversity. The main result is that Bombus diversity in mid- to late 

summer is mainly correlated with meadow floristics (i.e., in week seven 

the partial correlation between FSII and Bombus diversity, after 

accounting for meadow size and elevation is .492, p <.05). A similar 

analysis comparing floristic succession (FSI) with bumblebee diversity 

was not significant. 

These results suggest a general scheme of Bombus guild dynamics 

which revolves around life history processes and floristics: While 

searching for nest sites queens colonize meadows on the basis of area; 

after colonies are establish they either disappear or persist as a 

function of meadow floristics. The isolated nature of the meadow 
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habitats coupled with the sedentariness of workers (who are central place 

foragers) suggest that resource-based extinction of colonies and entire 

species may be important in determining Bombus diversity late in the 

summer. A corollary to the above is that meadow area--which determines 

the diversity of early season guilds--ultimately plays little role in 

accounting for late-season Bombus diversity. 

Caste Distribution in Time and Space 

Finer detail can be added by examining the distribution of 

bumblebee castes among the 20 meadows (Figure 6). This graphical repre

sentation focuses on the actual and simulated occurrence of species (by 

castes) on a per meadow basis. The latter were generated using coloni

zation and transition probabilities (Table 4) in a Monte Carlo simulation 

of Bombus distributional patterns. Queens of the six species were ran

domly assigned to 20 "nulllt meadows based on their actual frequency of 

occurrence. After a meadow was "colonized" by a particular bumblebee 

species the probabilities of queen-worker and worker-new reproductive 

transitions determined the presence of this species in late-season "null" 

assemblages. The variable of interest was the number of co-occurring 

species, by caste, in each of the random assemblages. Fifty runs of 20 

meadows each were constructed; total number of "nulllt meadows equalled 

1000. 

A test of the data in Figure 6 shows no statistical differences 

between the distributions of queens and workers in actual assemblages 

(Kolmor:,\.)rov-Smirnov two sample test, p > .05; Siegel 1956). This implies 

that once a queen occurs in a meadow there is a high probability that 
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workers of that species will also occur. However, the distribution of 

new reproductives among meadows is markedly different from that of either 

workers or queens (Kolmogorov-Smirnov two sample test, p <.05). 

Apparently colony survival to late season (and success in producing 

reproductives) is affected by other factors than those that influence 

colony founding and initial worker production. This corroborates other 

studies (e.g., Veno 1979) which suggest that floral resources become 

increasingly important (and limiting) to Bombus as the season progresses. 

It may be that the transition from the stage in which workers are pro

duced to the reproductive stage cf colony development is constrained to 

a greater extent by limited flower resources than earlier season caste 

transitions. 

Comparison of actual and simulated distributions of queens and 

workers (Figure 6) also show significant differences. The distribution 

of queens in actual meadows is skewed towards high diversity associations. 

It is statistically different from that expected on the basis of chance 

alone (Kolmogorov-Smirnov two sample test, p <.05). From earlier 

analyses it appears that these high diversity, early season assemblages 

are associated with large meadow size. 

Differences between actual and simulated distributions become 

less pronounced as workers, and finally, new reproductives appear. In 

fact, the actual and predicted distributions of new reproductives are 

statistically indistinguishable ( p >.05). Given this, it appears that 

colony success is relatively insensitive to compositional variation in 

locally occurring Bombus guilds; more simply stated, patterns of bumble

bee co-occurrence appear to be relatively unimportant to the intra-meadow 
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production of reproductives when compared to the quality of local flower 

resources. However. this analysis is admittedly weak since the variable 

of main focus is merely the number of bumblebee species producing repro

ductives in a given meadow. 

Local Extinction of Bombus Species 

From Table 4 and Figure 6 it is clear that certain bumblebee 

species completely disappear from some meadows. I categorize such events 

as "extinctions" if workers of that species occurred in a meadow but no 

new reproductives were observed. This also meant that towards the end of 

the summer workers of that species were not present. Twenty-five 

extinctions were observed over the 20 meadows. 

Figure 7 shows the distribution of extinctions on a per meadow 

basis in actual versus simulated meadows. The distribution of extinc

tions in null meadows was derived from the simulations previously 

discussed. Actual and simulated distributions are significantly dif

ferent (Kolmogorov-Smirnov two sample test, p <.OS). The main difference 

is that in the actual system a greater number of extinctions occurred 

in some meadows than predicted. This again appears to be the result of 

large meadows having higher colonization probabilities coupled with the 

fact that these large meadows dry out earlier in the season when compared 

to small meadows. Because of these factors large meadows appear to 

"experience" more than their share of bumblebee extinctions. 

The role of meadow floristics appears to be of particular 

importance. Comparing factor score trajectories for meadows with and 

wi~hout bumblebee extinctions (Figure 8) showed no differences in flower 
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phenologies as reflected in FSI. Examining scores of FSII. however, 

showed that meadows which experienced extinctions have trajectories that 

predominantly bow downward into negative factor space. whereas all no

extinction meadows bow upward. 

This can be tested statistically with an analysis of covariance 

(ANCOVA). The two groups to be tested were meadows where extinctions 

occurred versus no-extinction meadows. the covariates were meadow size 

and elevation, and the dependent variables were the factor scores (FSI 

and FSII) during week seven. This week was used because this is when 

1) most extinctions occurred. and 2) factor scores among meadows exhi

bited the most variation. The ANCOVA of FSI showed no significant 

difference between the temporal patterning of floristics between the 

two meadow groups (p >.05). However, the ANCOVA comparing FSII showed 

that meadows where at least one bumQlebee species became extinct had 

significantly lower FSII's than those in the no-extinction group (F = 

22.125, p = .0002). This suggests that Bombus extinctions are linked 

to specific floristic associations. 

Factor II not only sorts flowers and weights them according to 

their distributional affinities; it also appears to coincide with their 

potential value to Bombus foragers. Flowers preferred by Bombus 

characteristically had high positive coefficients for factor II and 

were most abundant in mesic meadow habitats. Flowers in this group (Mer

tensia, Aconitum, Senecio, Epilobium and Trifolium) are highly preferred, 

based both on the reports of other researchers and on my own observations. 

Most of these flower species produce high amounts of nectar (Beedlow 1979). 
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Flowers with lower or negative coefficients on factor II, however, 

have low attractiveness to Bombus, except for Cirsium, which at certain 

times of the year may be heavily used. These flowers (Cirsium, Poten

tilla, Achillea, Erigeron simplex) while mostly used as pollen sources, 

are either rarely used as "major" flowers, or are incidently sampled. 

The above scheme of matching bumblebee preferences with factor loadings 

is supported by the observation that nectar, not pollen, is the major 

limiting resource to Bombus colony development (Free and Butler 1959, 

Heinrich 1976a, b, Pyke 1979). Hence, nectar availability appears to 

be strongly linked to the local extinction of Bombus. 

Timing of Reproduction 

Cumber (1953) hypothesized that the timing of Bombus reproduc

tion should covary with the quality of available flower resources. In 

his words, Ita too plentiful supply of food in the sumner months might 

lead to larvae being fed so lavishly that they turn to queens earlier 

in the season." Such a scenario is possible because it is primarily the 

quantity of food fed to developing Bombus larvae that give rise to new 

queens (Free and Butler 1959, Oster and Wilson 1978, Heinrich 1979c). 

Others (Macevicz and Oster 1976, Oster and Wilson 1978) have 

recently modelled this relationship using dynamic programming. In con

trast to Cumber, they suggest that the temporal switch from the produc

tion of workers to that of reproductives is relatively unaffected by 

resource returns (a function of resource quality and availability). The 

contra!;ting p,"edictions of Cumber and Oster have rarely been tested in 

field situations (but see Oster and Wilson 1978), and never with Bombus. 



33 

I do this here by examining the temporal pattern of reproduction of 

Bombus flavifrons over the meadow system. This bumblebee was selected 

because it 1) occurred and reproduced over all 20 meadows (Table 1), 

and 2) demonstrated substantial variation in the temporal production of 

both males and new queens. Males were first observed in the meadows as 

early as week seven and as late as week 11; queens occurred later, from 

weeks nine to 12 and failed to occur at all in five meadows. 

The t~mporal occurrence of Bombus flavifrons reproductives over 

the meadow system was analyzed using forced multiple regressions. The 

dependent variables were the first week in which males and new queens 

were observed in a given meadow. A meadow's FSI and FSII were the inde

pendent variables of main interest. Meadow size and elevation were the 

other independent variables. These latter two were forced into the 

multiple regressions first to account for their possible effects on 

reproductive timing and meadow floristics. After these were included, 

either FSI or FSII (both for week seven; for justification see above) 

were entered and their effects tested for. A total of four such regres

sions were performed: two for the occurrence of males in which FSI or 

FSII were entered on the last step and similarly, two for the appearance 

of new queens. The null hypothesis is simply that the reproductive 

timing of Bombus flavifrons was independent of meadow floristics: i.e., 

the prediction of Oster. 

The results show that the temporal production of males does not 

covary with meadow floristics (Table 6). The temporal occurrence of new 

queens, however, was highly correlated with FSII (p< 0.009). This 



Table 6. Summary of step-wise multiple regressions testing the null hypothesis that meadow 
floristics are independent of the temporal occurrence of new reproductives. -- The two dependent 
variables were the first week in which males and new queens were observed in a neadow. Meadow size 
(logarithm base 10 in ha) and elevation (m) were forced into the regressions first to account for 
their possible effects on reproductive timing and floristics. FSI or FSII were entered secondly. 
See text for additional details. 

Step Variable F to enter P 
2 R -change Simple R Overall F P 

Males 1 Meadow size 1.11 .31 .06 .24 1.11 .31 

2 Elevation .04 .84 .00 .18 .55 .59 

3a FSI 3.79 .07 .18 -.42 1.69 .21 

3b FSII 5.86 .03 .25 -.55 2.42 .10 

Queens 1 Elevation .48 .45 .03 .16 .48 .50 

2 Meadow size .48 .50 .03 .23 .48 .63 

3a FSI 6.58 .02 .28 -.52 2.42 .09 

3b FSII 14.80 .00 .46 -.69 5.50 .00 

eN 
~ 
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relationship is as Cumber hypothesized: the higher the density of nectar 

producing flowers the earlier queens were observed. 

Some data imply that their may be contrasting forces governing 

the production of male and female sexuals in Bornbus colonies. Although 

males are most often produced by queens, workers might also produce 

males in certain situations (Free and Butler 1959, Owen and Plorwright 

1982). Considering these qualitatively different means of male produc

tion, it is not surprising that meadow floristics are not obviously tied 

to male production. In contrast, female reproductives can only be 

produced by reigning queens. 

General Discussion 

One contribution of this paper has been to elaborate on the claim 

of Pyke's (1979, 1980) that growth, survival and reproduction of Bombus 

colonies depend on the rate of energy gain. This approach has been 

carried to the guild level to show how floristic resources affect species 

compositions by influencing the fate of individual colonies. Demonstrat

ing that flower resources interact with Bombus life history processes is 

a novel result. Meadows are insular habitats where dispersal patterns of 

inseminated queens establish the initial basis for guild composition. 

They later become autonomous natural experiments that reflect the role of 

floristics on Bombus colony and guild development. It is the interact~on 

of these factors which ultimately determines late-season Bombus 

assemblages. 
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The availability of nectar producing flowers on colony ontogeny 

appears to be of particular significance. The importance of such re

sources to Bombus is well documented by studies showing that: 1) bumble

bees forage in ways that maximize the net rate of energy intake (Pyke 

1978a, 1979, Waddington and Heinrich 1981), 2) bumblebee species of 

similar proboscis lengths appear to competitively replace each other on 

an elevational transect (Pyke 1982), 3) if bumblebees of one species are 

removed from a patch of commonly preferred nectar flowers they are 

replaced by individuals of another species (Inouye 1978), and 4) bumble

bees depress standing nectar crops to ve'ry low levels shortly after 

foraging begins (Heinrich 1976a, b Witham 1977). 

Perhaps the most exciting results are the demonstration that 

local extinction and reproduction of Bombus are highly correlated with 

meadow floristics. The suggested role of floristics on reproductive 

timing goes beyond those studies that measure resource availability and 

exploitation and/or other surrogate variables instead of reproduction 

per see If resources are truely limited it should be reflected in 

reproductive success of the consumer species, thus casting the relation

ship in an evolutionary context. 

The dispersal of over-wintered queens to meadows early in the 

season is of paramount importance in determining late-season Bembus 

diversities. But how important are such patterns of dispersal in 

accounting for Bombus compositions in larger, more continuous habitats? 

After all, these are the habitats in which most bumblebee investigators 

have worked. It may be that the importance of queen dispersal is exag

gerated by the nature of the meadow system studied here and that in most 



habitats queens of all locally occurring species readily colonize areas 

in a more ubiquitous manner. 
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In contrast to many other inquiries focusing on bumblebee guilds 

the thrust of this paper has not been motivated by extensions of tradi

tional views of interspecific competition: i.e., size (proboscis) 

ratios, energy maximization and coexistence scenarios, or a combination 

of these. This investigation has sought to document the results of 

natural experiments that pair varying associations of bumblebees and 

their flowers in isolated meadows. Strong patterns underscoring the 

dependence of bumblebees on their flower resources emerge. The manifes

tation of interspecific interactions among the Bombus are notably absent 

in the results presented here: i.e., 1) the distribution of new repro

ductives in actual versus simulated assemblages were indistinguishable 

suggesting that differences in species compositions play little role in 

determining the occurrence of sexuals; and 2) higher order competitive 

effects need not be invoked to account for the majority of the variation 

in Bombus extinction and in the timing of reproduction for Bombus 

flavifrons. 

Though these results are inconsistent with those of other studies 

(see Heinrich 1976a, 1979c, Inouye 1980, Pyke 1982) suggesting that 

interactions among Bombus are important in guild dynamics, they are not 

strictly comparable. Most previous studies have focused on short-term 

relationships among bumblebee speCies ranging from the time-specific 

overlap of flowers by the entire guild (and/or flower choice of indivi

dual foragers; see above citations) to competition for preferred nest 

sites (e.g., Richards 1978). In contrast, this study has focused on 
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presence/absence data which reflect the long-term success of species (and 

species assemblages) as a function of the above processes. Which line of 

evidence best reflects the dynamics of the Bombus association? Are short

term competitive interactions important to overall colony persistence 

and fruition? These questions and their answers are of utmost importance 

in future treatments of Bombus guild dynamics, and will contribute to our 

understanding of the relative importance of short- and long-term ecologi

cal processes. It may be that a finer degree of analyses incorporating 

species abundances would yield results consistent with that predicted 

through competition scenarios. However, if short-term competitive 

effects are found to have little importance to colony reproduction, 

schemes of optimal foraging, flower choice, and the general manifesta

tion of competitive effects must be cast in a different context. 



CHAPTER 2 

DENSITY DYNAMICS OF BUMBLEBEES IN SUBALPINE MEADOWS: 
COMPETITION AND RESOURCE LIMITATION 

Ecological thought has become increasingly dominated by polemics 

surrounding the question: How frequently does interspecific competition 

occur in nature? Much of this attention has focused on the role of 

competition among species for limited food resources and how this 

affects the community patterns of species abundances and the use of 

resources (for reviews see papers in Strong and Simberloff 1983, and 

Roughgarden 1983, Quinn and Dunham 1983, Toft and Shea 1983, Simberloff 

1983, Strong 1983, Connell 1983, Salt 1983). Within this rubric it has 

been pointed out that a large portion of natural systems fail to show 

patterns consistent with that predicted by competition theory (e.g., 

Strong 1983). However, few openly contend that competition never occurs 

or that it cannot be a dominant process in some situations. 

Many invoke "stochasticity" as a factor limiting the effects of 

interspecific competition (e.g., Levin 1976, Chesson 1978, Murdoch 1979). 

They reason that natural environments are climatically unstable and 

fluctuations in the weather and/or climate may differentially affect each 

species in a community and produce changes in the absolute and relative 

abundances of consumers and their food resources. Differences in rates 

of developmental and/or renewal timescales between consumers and their 

resources and timelags in the manifestation of competitive effects may 

39 
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add further noise to the system. Consideration of these factors has 

prompted questioning of models of competition and community structure 

that assume constancies in resource and competitor densities. Consider

able progress towards a more realistic view of community structure could 

be made if we understand how components of environmental variation affect 

competitive interactions. 

Most salient point of this controversy have been made specific 

to bumblebee (Bombus) assemblages in the United States and Europe. By 

measuring the patterns of floral exploitation many have concluded that 

bumb lebees are "limi ted" by thei r flower resources and that competi tion 

is an important factor in their population dynamics and utilization of 

flower species (Brian 1954, 1957, Hasselrot 1960, Anasiewicz 1971, Liu et 

al. 1975, Heinrich 1976a, b, Byron 1978, Inouye 1978, 1980, Pleasants 

1981, Zimmerman and Pleasants 1981, Pyke 1982). However, most beg the 

question: What are the mechanisms by which resource limitation affects 

population dynamics and guild organization? Pyke (1979, 1980) suggested 

that growth, survival, and reproduction might be resource dependent, 

but provided no data on colony ontogeny. Pleasants (1981) found a cor

relation between rates of visitation to particular flowers and rates of 

nectar production, but was unable to document a relationship between 

these variables and local densities of either bumblebees or flowers. 

Differences in proboscis lengths of coexisting Bombus have led others to 

suggest that this is the result of interspecific competition; bees with a 

short proboscis are thought to utilize flowers with short corollas and 

species with a long proboscis, flowers with deep corollas (Knuth 1906, 
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Brian 1954, 1957, Cockerall and M1Nary 1962, Medler 1962). From this it 

has been inferred that in any given area the overlap between ranges of 

flowers visited might be small enough to allow coexistence (Price 1975, 

Heinrich 1976a, Inouye 1978). 

Others argue that stochasticity brought about through environ

mental vagaries, nest predation and variation in bumblebee colony 

ontogeny coupled with temporal/spatial heterogeneity of available flower 

resources rarely allow colonies to reach the pOint of food limitation 

(Svensson and Lundberg 1977, Lundberg and Ranta 1980, Ranta and 

Vepsalainen 1981). 

Resource limitation implies that rates of population change and/ 

or local densities of species are determined, at least in part, by avail

ability and competition for certain requisites. For Bombus, there is 

substantial indirect evidence for such limitation; it focuses on the 

foraging of individual bees and/or the exploitation of a few flower 

species (e.g., Heinrich 1976a, b, 1979b, Witham 1977, Inouye 1978, Pyke 

1978b, 1979, 1980, 1982). But Bombus colonies, the ultimate focal point 

for resource limitation, are comprised of many individuals that exploit 

many different species of flowers. There have been few attempts to tie 

in a rigorous fashion general features of flower associations to the 

collective response of foragers (or colonies). Hence, the contention 

that bumblebees are "food limited" and that interspecific competition is 

important in their dynamics appears to be without corroboration. 

In this paper I examine the patterns of covariability between 

floristic composition and the densities of two Bombus species (Bombus 

flavifrons and B. rufocinctus). This is done for 26 discrete subalpine 
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meadows and over 10 weeks in the summer of 1981. Equations generated 

through multivariate statistical techniques are used to test for patterns 

of association between local flower assemblages and bumblebee densities, 

as well as, the effect of interspecific competition. Examination of 

bumblebee densities in unperturbed meadows versus those where other 

bumblebee species were experimentally removed provide further insight 

into the importance of competition as a force limiting local bumblebee 

densities. The relationship between local densities of Bombus flavifrons 

and the temporal production of new queens is also examined. From the 

onset, it is argued that the demonstration of either resource limitation 

or competition for a system with as much inherent variation as bumble

bees and their flowers would contribute towards a view of community 

organization that does not consider stability a prerequisite for 

competition. 

Study Sites and Methods 

Twenty-six discrete subalpine meadows in the Uinta Mountains of 

northeastern Utah, USA (400 421 N, 1100 52 1 W) served as study sites. 

Distributed across approximately 100 km2, the meadows varied from 0.6 to 

22.1 ha in area and 3047 to 3317 m in elevation. Meadows were delimited 

and separated by at least 0.4 km of dense forest comprised of lodgepole 

prine, Englemann spruce and subalpine fire. Meadow areas were measured 

from aerial photographs. Elevations are from U. S. Geological Survey 

maps. Among the meadows there was a strong correlation between size 

and elevation (see Chapter 1). 
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Forty nine one-m2 permanent study quadrats were randomly placed 

in each meadow and served as the basic sampling units for meadow floris

tics. The number of flowers and/or inflorescences of each plant species 

in each quadrat was tallied in each meadow in each of the 12 weeks from 

21 June to 6 September, 1981. 

Over the same time period. bumblebees were censused in randomly 

placed circular plots of 5-m radius. Five plots were measured in every 

sampling period with at least three periods per week. In contrast to 

the floristic quadrats. bumblebee plots were reassigned to new sites 

every sampling period. Data recorded for these plots included: 1) the 

number of Bombus individuals by species and caste. 2) the flowers on 

which the bumblebees were observed. 3) air tempterature (oC) and 4) time 

of day (MST) at which observations were made. Only those bumblebees 

present on the plots when they were first established were recorded. and 

all plots were censused within a 10 minute period. More extensive 

descriptions of study sites and sampling are given in Chapter 1. 

Six meadows were used to examine experimentally the effects of 

interspecific competition on Bombus guild compOSition. These were 

selected on the basis of two criteria: 1) early-season occurrence of 

both Bombus f1avifrons and Bombus rufocinctus queens and/or workers, and 

2) comparable meadow area (3 - 5 hal. Experimental meadows were randomly 

selected from eight meadows that satisfied these restrictions. Within 

this set of meadows two treatments were randomly assigned: In three 

meadows all Bomby! except!. f1avifrons were experimentally removed; in 

another three all bumblebees were removed but!. rufocinctus. Treatments 

were initiated in the first week of July by capturing queens and workers 
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in insect nets (mostly while they were foraging) and transferring them 

outside the study area. This tOUK several days, but by July 11 bees of 

the appropriate species had been removed. 

Results and Discussion 

Analysis of Floristic Variation 

Forty-one flowering plant species were encountered in the 

sampling quadrats. Of these bumblebees were observed ~sing only 20. 

Principal component analysis of the correlation matrix was used to 

1) examine the variation in flowers in time and space, and 2) group 

meadow floristics into general associations reflecting both the species 

composition and relative abundances of flowers. The following is a 

summary of this analysis (see Dixon 1981, and Chapter 1 for more detail). 

Factor I reflects the temporal sequence of flower phenology 

through the summer. Early flowering plant species (i.e., Arctostaphylos, 

Dodecatheon, Pedicu1aris) have relatively large negative loadings, 

whereas late flowering species have large positive coefficients (i.e., 

Achillea, Gentiana, Polygonum, and Potenti11a). 

Factor II separates mid- to late-season flowers along a continuum 

of wet to dry affinities. All meadows are wet in early summer and 

possess similar floras, but as the summer progresses meadows dry out to 

different degrees and their flowers become increasingly distinctive. 

Negative loadings on factor II typify plants associated with relativ,e1y 

dry meadows (i.e., Achillea, Cirsium, Erigeron simplex, Potentilla) while 

positive coefficients characterize plants of more mesic situations (i.e., 

Aconitum, Castilleja, Epilobium, Mertensia, Senecio, and Trifolium). 
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Factor II not only segregates and weights flowers according to 

distributional affinities; it also provides an index of their potential 

value to Bombus. Flowers preferred by Bombus charGcteristically ha~ high 

loadings on factor II, and were most abundant in mesic.meadows. Flowers 

in this group (i.e., Mertensia, Aconitum, Senecio, and Trifolium) consis

tently show high preference indices, based both on reports of other 

researchers and on actual visitation rates of foraging bumblebees 

measured in the present study. Most of these flower species produce 

relatively large quantities of nectar. 

Flowers with lower loadings on factor II are not very attractive 

to Bombus. These flowers (i.e., Cirsium, Potentilla, Achillea and 

Erigeron simplex) are mostly used as pollen sources, and are either 

rarely used as "major" flowers (Heinrich 1976a), or are only incidently 

sampled. The above scheme of matching bumblebee preferences with factor 

loadings is supported by the contention that nectar, not pollen, is the 

major limiting resource to Bombus colony development (see also Free and 

Butler 1959, Heinrich 1976a, b, Pyke 1979, 1982). 

Principal components analysis can also be used to separate the 

flower compositions of entire meadows into ecological associations with 

respect to factors I and II. This can be done by defining the factor 

score of a meadow for a given week as 

1: F sc. (A. - A.) IS. 
1 1 1 1 

where Fsc i is the factor score coefficient, Ai the observed flower 

density (for that meadow and week), and Ai the mean density and Si the 

standard deviation for species i over all meadows and weeks. Early in 



the season (low scores on factor I) all meadows are very similar with 

respect to scores on both factors I and II (henceforth referred to as 
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FSI and FSII). As the season progresses some meadows dry out (low ~SII) 

while others remain mesic (high FSII). The overall effects of this 

differential dryout is to increase the variation in floristic composition 

among meadows. 

By tracking a meadow's factor scores one tracks its floristics 

over time. In an earlier paper (Chapter 1) I demonstrated how floristic 

variation (as represented in FSI and FSII) was correlated with the per

sistence and reproduction of bumblebees in these meadows. In this paper 

I examine a related question: How do these temporal and spatial patterns 

of floristic variation affect bumblebee densities? 

Estimating Bombus Densities 

There have been two main problems in estimating bumblebee 

densities. The first has to do with the fact that though Bombus are 

facultative endotherms (Heinrich 1979c). their activity outside the nest 

is strongly influenced by ambient temperature (Wratt 1968. Veno 1979). 

Other variables that affect bumblebee thermoregulation, such as incidence 

of solar radiation (Breedlow 1979) or diurnal schedules (beyond effects 

of temperature) may also affect activity. Moreover. subalpine temperate 

climates are relatively unpredictable. Although two successive days may 

often be sufficiently similar to permit accurate comparisons of densities, 

when data collection spans weeks or months it is difficult to control for 

effects of climatic variation among census periods. As a result. many 

authors characterize Bombus composition in terms of the relative 



abundances of species (with the implicit assumption that temperature, 

etc., equally affect the activity patterns of each species) and not 

density per se (e.g., Pyke 1982). 
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Second, density is a per-unit-area measure, but it is often 

difficult to determine an appropriate spatial scale to sample. Bumble

bees may fly hundreds of meters to rewarding flower patches (Heinrich 

1976a), but most are more sedentary (Brian 1954). Measuring the denSity 

of foraging bees on local patches of flowers does little to characterize 

the large scale patterns of density. Line transects often employed to 

census bumblebees suffer from a related problem--specifically, the size 

of area the sample represents. It undoubtedly is greater than that 

encompassed by the transect. 

I argued in Chapter 1 that after queens establish colonies in the 

early summer the meadows studies here represent autonomous natural exper

iments in flower-bumblebee interactions; hence, areas over which foragers 

disperse appear to have discrete measurable boundaries. What are the 

patterns of Bombus density among these meadows? To answer this question 

I employed stepwise multiple regressions to construct equations predict

ing bumblebee densities. Although six Bombus species were present on the 

entire study area, only two occurred in a sufficient number of meadows 

for detailed analyses. Foragers of these species, Bombus f1avifrons and 

B. rufocinctus, were present for most of the summer in 20 and eight 

meadows, respectively (excluding the experimental meadows). The distri

bution of all six Bombus (and their castes) among the meadows are given 

in Chapter 1. 



The dependent variable was the number of bumblebee foragers 

observed in a sample period in a given meadow: i.e •• the summed Bombus 

individuals of the worker caste (by species) observed in five sampling 

plots. Regression analysis was performed separately for each week and 

species. Two periods per week per meadow were used in generating the 

regression solutions; total number of periods per regression equalled 
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40 for !. flavifrons (20 meadows) and 16 for !. rufocinctus (eight 

meadows). Regression analysis was performed for every week that workers 

of that species were present over the meadow system (weeks 3 - 12 for B. 

flavifrons and 5 - 12 for !. rufocinctus). Forward (stepwise) inclusion 

of the independent variables was the regression algorithm employed 

(SPSS software, Nie et al. 1975). Inclusion criteria and order of entry 

of the independent variables was determined through examination of the 

regression coefficients. The order of inclusion reflected the respective 

contribution of each variable to the explained variance. 

Independent variables could affect densities of foraging bumble

bees by 1) governing colony growth and ontogeny and, thereby, the size of 

the forager pool (possibly through meadow size, elevation, and FSI and 

FSII), or 2) influencing the temporal activity, not production, of indi

vidual foragers (i.e., time and temperature). There was no! priori 

reason to consider non-linear or interactive effects; hence, the regres

sion solutions included only the most simple terms and are of the form 

y = Bo + Bs (size) + Be (elevation) + BI (FSI) + 

BII (FSII) + Bt (time) + Bte (temperature) 

where y is the predicted density of bumblebees observed in a particular 
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sampling period (either !. flavifrons or !. rufocinctus), Bo the regres-

sion coefficient, and Bs ' Be' BI , BII , Bt , Bte are the regression 

coefficients relating meadow size, elevation, FSI, FSII, time, and 

temperature, respectively, to the predicted number of Bombus. 

The regression solutions (by species and weeks) show much varia

tion over the summer in the relative importance of the independent 

variables and in the total variance explained. Regression coefficients 

for the predictive equations are given in Tables 7 (for Bombus flavifrons) 

and 8 (for !. rufocinctus). These accounted for 38 to 61% of the vari

ance in !. flavifrons density and 47 - 87% for !. rufocinctus (Tables 9 

and 10). Seasonal variation in the importance of the independent vari

ables is marked (Figure 9). Early in the summer meadow size and 

"elevation were positively correlated with densities of both !. flavifrons 

and!. rufocinctus. As the summer progressed the effects of both 

meadow size and elevation reverse and between weeks six and eight become 

negatively correlated with the densities of these species. 

The variables that consistantly account for the most variation 

in Bombus densities are temperature and time of day: one or the other of 

these variables always entered into the regressions either on the first 

or second step (Tables 9 and 10). This probably reflects the effect of 

temperature (which is highly correlated with time of day) on thermoregu

latory thresholds governing activity patterns of bumblebees. 

It is clear from Figure 9 that there are strong patterns of 

association among the remaining independent variables. Large meadows are 

found at higher elevations (r = .603). As the summer progresses these 

high large meadows lose water to the lower smaller meadows and, 



Table 7. Regression coefficients relating independent variables to the observed number of 
Bombus flavifrons in 40 sampling periods per week taken over 20 meadows.-- Analysis was performed 
separately for each week beginning with week three. See text for the form of the regression model. 

Week Regression Meadowa Elevationb FSI FSII Time Temperaturt constant size 

3 -17.384 0.918 0.005 -0.173 -1.447 0.173 0.101 
4 -3.733 1.520 0.001 0.491 -0.399 0.031 0.164 
5 -2.087 1.690 0.000 0.258 0.191 0.027 0.254 
6 23.307 1.250 -0.008 0.000 0.328 0.268 0.142 
7 9.196 0.000 -0.004 -0.174 0.402 0.063 0.518 
8 1.818 -2.735 0.000 0.575 0.288 -0.226 0.541 
9 13.821 0.772 -0.005 0.774 0.871 0.150 0.448 

10 17.936 1.541 -0.005 0.137 1.581 -0.324 0.589 
11 18.479 0.687 -0.007 1.680 1.524 0.151 0.551 
12 3.427 -1.217 -0.003 -0.820 -1.030 0.381 0.283 

alogarithm (base 10) in ha 
bmeters 
c(oC) 

U1 
o 



Table 8. Regression coefficients relating independent variables to the observed number of 
Bombus rufocinctus in 16 sampling periods per week taken over eight meadows. -- Analysis was per
formed separately for each week beginning with week five. See text for the form of the regression 
model. 

Regression Meadow a 
Elevationb Temperaturec Week FSI FSII Time constant size 

5 -18.430 0.501 0.005 -0.090 0.257 -0.086 0.184 

6 -38.680 -0.343 0.012 1.460 -0.069 0.000 0.164 

7 -62.560 -1.087 0.019 -0.055 0.570 -.346 0.162 

8 33.400 -0.878 -0.011 0.274 0.000 -0.168 0.307 

9 36.410 0.750 -0.014 0.349 0.000 0.048 0.537 

10 99.180 4.017 -0.033 0.000 -0.898 -0.713 0.749 

11 51. 370 3.056 -0.018 2.371 -1.600 0.000 0.324 

12 33.970 2.375 -0.010 6.248 3.397 0.359 -0.136 

alogarithm (base 10) in ha 
b meters 

c(oC) 

U1 
~ 



Table 9. Summary of stepwise multiple regressions (using forward inclusion criteria) 
relating the total number of Bombus flavifrons individuals observed in a sampling period to meadow 
size (logarithm in ha), elevation (m), time of day (MST), temperature (Oe), FSI, and FSII. --
Regression analysis was performed separately for weeks three through 12. Values listed are 1) the 
change in the total amount of variation in density accounted for after a particular variable was 
included in the solution, 2) the step on which that variable was included (in parentheses), 3) the 
total amount of variance explained by all the independent variables together (R2-tota1) and 4) the 
statistical significance of the regression solution with all variables present. 

Week Meadow size Elevation Time TeJl1lerature FSI FSII R2~total P 

3 .05 (3) .26 (1) .12 (2) .02 (5) .00 (6) .02 (4) .47 .001 

4 .26 (1) .00 (5) .00 (6) .05 (2) .02 (3) .00 (4) .34 .025 

5 .21 (2) • .00 (5) .37 (1) .00 (4) .02 (3) .61 .000 

.04 (3) .06 (2) . 31 (1) .02 (5) • .02 (4) 6 .46 .001 

7 
fr 

.01 (3) .00 (5) .32 (1) .00 (4) .. 09 (2) .43 .001 

8 .25 (1) • .01 (5) .14 (2) .05 (3) .02 (4) .48 .000 

9 .00 (6) .00 (5) .02 (4) .14 (1) .04 (3) .21 (2) .42 .004 

10 .01 (3) .01 (4) .01 (5) .22 (2) .00 (6) .26 (1) .52 .000 

11 .00 (6) .02 (4) .00 (5) .28 (1) .03 (3) .09 (2) .44 .003 

12 .02 (3) .00 (4) .01 (2) .33 (1) .00 (5) .00 (6) .38 .013 

• variables not included in the regression solution 

U1 
N 



Table 10. Summary of stepwise multiple regressions (using forward inclusion criteria) 
relating the total number of Bombus rufocinctus individuals observed in a sampling period to meadow 
size (logarithm in hal, elevation (m), time of day (MST), temperature (OC), FSI, and FSII. -
Regression analysis was performed separately for weeks five through 12. Values listed are 1) the 
change in the total amount of variance explained attributable to a particular variable (after its 
inclusion), 2) the step on which that variable was included (in parentheses), 3) the total amount of 
variation explained by all the independent variables together (R2-tota1), and 4) the statistical 
significance of the regression solution with all variables present. 

Week 

5 

6 

7 

8 

9 

10 

11 

12 

* 

Meadow size 

.02 (5) 

.01 (4) 

.02 (6) 

.33 (1) 

.00 (4) 

.10 (3) 

.13 (3) 

.17 (4) 

Elevation 

.24 (2) 

.06 (2) 

.03 (5) 

.00 (4) 

.19 (2) 

.09 (2) 

.01 (5) 

.03 (5) 

Time 

.04 (3) 

* 

.64 (1) 

.01 (5) 

.00 (5) 

.04 (4) 

* 

.12 (2) 

variables not included in the regression solution 

Temperature 

.22 (1) 

.37 (1) 

.02 (2) 

.07 (3) 

.64 (1) 

.26 (I) 

.44 (I) 

.01 (6) 

FSI 

.00 (6) 

.13 (3) 

.01 (3) 

.04 (2) 

.04 (3) 

* 

.19 (2) 

.33 (1) 

FSII R2-total 

.01 (4) .54 

.00 (5) .58 

.02 (4) .73 

* .47 

* .87 

.02 (5) .51 

.00 (4) .77 

.17 (3) .84 

p 

.221 

.081 

.030 

.210 

.000 

.153 

.005 

.004 

U"I 
W 



Figure 9. Simple correlation coefficients between the number 
of Bombus flavifrons (top) and B. rufocinctus (bottom)observed in a 
sampling period and meadow characteristics (size, elevation, FSI,and 
FSII) and observational variables (time and temperature).-- Correla
tions were performed, separately, for each week that workers of that 
species were present in the meadows ( weeks 3 - 12 for !. flavifrons 
and 5 - 12 for B. rufocinctu~). Two perio~ per week per meadOW were 
used in generating the coefficients; total number of periods per week 
equalled 40 for B. flavifrons (20 meadows) and 16 for B. rufocinctus 
(8 meadows). Shaded regions indicate statistical insignificance 
(p > .05). The units of the independent variables are: size (~og
arithm of area in ha), elevation (m), time (MST), temperature ( e), 
FSI and FSII (see text). Week one corresponds to approximately June 
20, week 12 to September 7. 
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Figure 9. Simple correlations between the number of bees 
observed and six independent variables. 
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consequently, they become relatively dry and support low densities of 

rewarding flowers (low FSII's). In contrast, smaller meadows remain rel

atively mesic throughout most of the summer and have higher FSII's •. Over 

the summer bumblebee densities are increasingly correlated with meadow 

floristics (Figure 9 and Tables 9 and 10). 

More detail can be resolved by holding time and temperature 

constant in the predictive equations and then examining the effects of 

the remaining independent variables on Bombus densities. Figures 10 and 

11 show the estimated densities of Bombus flavifrons and Bombus rufo

cinctus meadow by meadow. These were generated by substituting meadow 

size, elevation, FSI, and FSII into the regression equation for a par

ticular meadow and week; temperature and time were held at 170C and 

11:00 hrs, respectively (the approximate average of these variables 

over the summer). Densities of Bombus flavifrons are grouped to con

trast the population dynamics of this species in large and small 

meadows (Figure 1~). 

Early in the season large meadows support significantly higher 

densities of !. flavifrons relative to smaller meadows (a test of 

densities in week four; F = 42.89, p <.001). This might have been 

predicted from Table 7 and Figure 9 and may result if queens differen

tially select larger meadows for colony sites while rejecting smaller 

ones (see Chapter 1). Hence, early season bumblebee densities might 

predominantly be a function of the number of colonies established per 

meadow area. If an analysis of covariance (ANCOVA) is used to compare 

the estimated densities of !. flavifrons in the two meadow groups, but 



12 

4 

> I ~ -en z w a 
a 4 5 6 7 • • 10 II 12 
w tr 12 
:I 
t= en 
'" 10 LARGE 

• 

4 6 7 8 9 10 II 12 
WEEK 

Figure 10. Seasonal variation in the estimated densities of 
Bombus f1avifrons in 10 small ( < 5 ha) and 10 large ( > 5 ha) meadows. 
-- Estimates were generated by substituting meadow size (lo9arithm area 
in ha), elevation (m), FSI, and FSII (for a particular week) into the 
predictive equation for that specific week and species (see Table 7 for 
regres~ion coefficients). Time and temperature were held at 1100 hrs 
and 17 C (the approximate average of these variables over the summer) 
for all estimates of density. 
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Figure 11. Seasonal variation in the estimated densities of 
Bombus rufocinctus in eight meadows. -- Estimates were generated by 
substituting meadow size, elevation, FSI, and FSII (for a particular 
week and meadow) into the predictive equation for that species and 
week. See legend of Figure 10 for details and Table 8 for the regres
sion coefficients. 

12 



accounting for the effects of meadow size, the apparent differences in 

Figure 10 disappear (a test of week four; F = .19, P > .50). 
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As the season progresses these size-related differences switch 

and small meadows support higher !. flavifrons densities relative to 

larger meadows (ANOVA of densities in week eight; F = 19.81, p < .001). 

Smaller meadows generally remain wetter later in the summer and conse

quently support higher densities of·nectar producing flowers than larger 

meadows. In fact, the estimated densities of ~ flavifrons in weeks 

eight and 10 are positively and significantly correlated with FSII 

(Figure 9). Moreover, in weeks nine, 10, and 11 FSII was included on 

either the first or second step of the multiple regressions (Table 7). 

Overall densities within any week and their seasonal increase are 

much less for ~. rufocinctus than for ~. flavifrons (Figure 11). It is 

interesting to note that in two of the seven meadows where!. rufocinctus 

initiated colonies but later became extinct (see Chapter 1), the regres

sion equations predicted negative densitie~. In meadows where~. rufo

cinctus persisted through the summer the equations consistantly predicted 

positive densities. 

Thirty-six sampling periods from 12 meadows were used to check 

the regression solutions for!. flavifrons. These observational periods 

were different from those used to generate the original regression 

equations and are from weeks six, nine and 12. The observed densities 

of B. f1avifrons were compared with those predicted via the multivariate 

model for a specific week, time, temperature, and meadow flower associa

tion. The results showed only three of the 36 sampling periods to have 
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densities that were significantly different than predicted through 

regression analysis (Chi-square tests; p < .05). All subsequent analyses 

use these estimated densities. 

Density Patterns of the B. flavifrons
!. rufocinctus Association 

Correlates of density are similar for Bombus flavifrons and!. 

rufocinctus throughout the summer (Figure 9). These bumblebees are 

statistically indistinguishable in fore wing and tongue lengths and also 

in body weights (Chapter 1). Despite their morphological similarity, 

there are differences between these species. The most obvious is that 

!. flavifrons workers appeared in the meadows by week three while !. 
rufocinctus workers were rarely observed before week five. 

Interspecific competitive effects can be examined by using the 

regression solutions in the manner of Hallett and Pimm (1979; see also 

Rosenzweig et al. In Press). This is a straightforward way of accounting 

for the variation in Bombus densities due to environmental variables, 

after which competitive effects should remain and can be examined. The 

effects of competition can then be directly examined through regression 

analyses of the density residuals. The residuals used here are simply 

the differences between the actual and predicted densities of the two 

species. 

Residuals for both Bornbus species were calculated in the follow

ing manner: in weeks six, nine, and 12 variables from observational 

periods not used to generate the regression solutions were substituted 

into the predictive equations for the eight meadows where the two species 

co-occurred. Figure 12 shows these residuals. This represents the 
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Figure 12. Density residuals of Bombus flavifrons (ordinate) 
versus that of B. rufocinctus (abscissa) in weeks six, nine, and 12. -
Residuals are simply the difference between the observed and predicted 
densities for a sampling period. These were calculated in the following 
manner: In weeks six, nine and 12 variables for a particular meadow and 
observational period (separate from those used to generate the predic
tive equations) were substituted into the appropriate regression solution, 
estimated densities were then calculated, and estimates were compared to 
densities actually observed. The data plotted are for the eight meadows 
where both species occurred and represent two sample periods per week 
per meadow: 16 total for each week. 



remaining variation in density as a function of the other species' 

density after the effects of meadow size. elevation. FSI • and FSII and 

the time and temperature have been accounted for. In weeks nine and 12 

the residual densities of these species are negatively correlated 

suggesting that competition may be an important factor limiting their 

local abundances: such effects account for 91 of the "unexplained 

variation" in bumblebee densities in week nine and 291 in week 12. 
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Placing these results into a framework of classical population 

ecology yields the following results: The competition coefficients, ~fr 

and a rf (defined here as the overall short term effect of a!. rufocinc

tus forager on the density of !. flavifrons and the reciprocal effect) 

are, respectively, -0.33 and -3.12 for week nine and -.73 and -1.42 for 

week 12. These were calculated by regression the residual densities 

of !. rufocinctus on those of !. flavifrons (afr ) and vice versa (arf ). 

!. flavifrons appears to have a much greater negative effect on !. 

rufocinctus in weeks nine and 12 than the converse. 

The dramatic switch in the residuals from week six to week nine 

is suggestive of some major changes in the factors governing bumblebee 

densities (Figure 12), especially the increasing effect of floristics. 

This may reflect the increasing importance of resource availability and 

competition in determining colony growth rates. Early in the season 

resources may be relatively more available because forager densities are 

low relative to flower abundances. This probably holds for the first or 

second brood a colony produces (requiring from two to three weeks). 

Later, bumblebee densities may reach the level of resource limitation, 

and competition should become more severe. In mid- to late summer small 
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meadows which support the lowest number of colonies have the. highest 

forager densities as well as the most rewarding flower associations. 

Other studies (e.g., Veno 1979) have also demonstrated that floral 

resources become increasingly limiting to Bombus as the season progresses. 

Other congeneric species and other kinds of insects tilat use 

pollen and/or nectar might also affect the local densities of !. flavi

frons and B. rufocinctus. However, the dominant. interactions appear 

to be between these two species because of the inf"equent occurrence 

and low densities of other Bombus over the meadow sy~tem (see Chapter 1), 

Research has shown that the presence and persistence of these additional 

species is highly correlated with meadow size and floristics; hence, 

a large portion of their effects on the density patterns reported here 

have, most likely, been accounted for in the regression solutions. 

Other kinds of bees, wasps, or syrphid flies rarely visited the set of 

flowers preferred by Bombus. Other research has shown that these taxa 

have no significant impact on floral exploitation by bumblebees even 

where they concurrently use the same flowers (e.g., Morse 1981). 

Experimental Analysis of Competition 

Does density compensation occur when entire Bombus species are 

removed from meadows? To answer this question I used the six experi

mental meadows, three where all Bombus except !.rufocinctus were 

removed and a similar three where!. flavifrons occurred alone. The 

previously described multivariate equations were used to calculate 

expected numbers of !. flavifrons and!. rufocinctus workers for a 

specific sampling period and experimental meadow assuming no effect of 
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competing species. This provides a baseline from which patterns of 

density compensation in response to removal of competitors can be tested. 

Meadow characteristics (i.e., size, elevation, FSI. and FSII) and obser

vational variables (time of day, temperature) were substituted into the 

appropriate equation for that species and week. The predicted values 

were then compared to the actual densities observed, and residuals were 

compared (Figure 13). This figure represents the patterns of density 

compensation in the six experimental meadows after accounting for the 

effects of meadow size, elevation, time of day, temperature, FSI and 

FSII. This analysis is based on three observational periods per week 

for each of the six meadows and totals 144 sampling periods and their 

concomitant residuals. 

In the absence of other Bombus (notably flavifrons) the observed 

densities of B. rufocinctus were consistently higher than that predicted. 

A two-way ANOVA (predicted and observed over weeks) shows that density 

residuals for this species tended to be more positive than chance pre

dicts (F = 7.91, P < .001). In fact, of the 72 observations for ~. 

rufocinctus only eleven scored lower values than that predicted. This 

experimental result suggests that local densities of !. rufocinctus are . . 

limited by competition from congenerics; remove these competitors and 

positive density compensation results. 

In contrast, B. flavifrons failed to show density increases when 

other Bombus were removed (two-way ANOVA; observed and estimated over 

weeks; F = 1.62, p = .124). In fact. there appears to be a slight 

tendency for !. flavifrons to have lower densities than predicted. 



Figure 13. Seasonal variation in the density residuals of 
Bombus flavifrons and B. rufocinctus in six experimental meadows. 
-- In three meadows each. all bees except B. rufocinctus (top) or 
!. flavifrons (bottom) were removed. Residuals were calculated by 
substituting meadow characteristics (size. elevation. FSI. and 
FSII) and observational variables (time and temperature) into the 
appropriate equation for that species and week. The predicted 
values were then compared to the actual densities observed during 
a sampling period and the residuals calculated. This represents 
the patterns of density compensation in these meadows after 
accounting for the effects of meadow size. elevation. FSI. and 
FSII. as well as the time and temperature at which observations 
were made. This analysis is based on three observation periods 
per week for each meadow and totals 144 sampling periods and con
comitant residuals. The horizontal bars indicate the range of 
residuals for a particular meadow and week. Vertical lines 
connect the residuals of particular meadows through the summer. 
Alternating hollow and solid circles (indicating the mean of 
residuals for a particular meadow and week) separate the data by 
weeks. 
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Figure 13. Seasonal variation in the density residuals of Bombus 
flavifrons and B. rufocinctus in six exoerimental meaQ~ws. 



65 

Significant positive density compensation by!. rufocinctus when 

!. flavifrons was removed and the failure to detect a similar effect for 

the latter species might have been predicted from the analysis of unper

turbed meadows (see previous section). It was found that!. flavifrons 

appeared to "j imi t the dens i ties of !. rufocinctus to a greater extent 

than the receiprocal effect. Hence, the striking increases in !. ~

cinctus density and the failure of ~ flavifrons to respond to reciprocal 

removals was not totally unexpected. 

One caveat needs to be presented with these results. Some 

competitive effects might have been subsumed with the independent vari

ables included in the regression solutions. This might occur if, for 

example, the intensity of competition covaries with meadow size or 

floristic composition or if the species' densities are highly correlated 

with a particular variable. To the extent that such variation may occur, 

the tests of competitive effects on densities are biased in favor of not 

finding evidence for direct interactions (i.e., the tests are conserva

tive). Consequently, the failure to detect a response of !. flavifrons 

when other Bombus are removed is not strong evidence that interspecific 

compeition is unimportant for this species because the competitive 

effects in sympatric (Figure 12) and experimental (Figure 13) situations 

are likely to be underestimated. Moreover, the regression solutions used 

to predict~. flaviforns densities were based on observations taken in 12 

of 20 meadows where!. rufocinctus was absent. Consequently. effects of 

positive density compensation by ~. flavifrons in the absence of !. rufo

cinctus might be included in the "baseline" predictive equations. This 

might have been avoided by limiting the regression analysis to only those 
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eight meadows where the species co-occurred; however, statistical power 

of the predictions would have been decreased substantially. 

Density and Reproduction of 
Bombus flavifrons 

The density patterns presented here must reflect dynamics at the 

colony level over time periods of days to weeks •. The factors respon

sible for the production of workers might also be important to overall 

colony reproduction. Previously I demonstrated that almost one-half of 

the variation in the temporal occurrences of new!. flavifrons queens can 

be accounted for by differences in meadow FSlI--new queens appeared 

earlier in meadows where there were high densities of nectar producing 

flowers (Chapter 1). Here I have shown that mid- to late-season forager 

densities are also positively related to FSII. CollectivelYI these 

results suggest that forager density might be related to colony fruition. 

Such a relationship is supported by plotting the maximum esti

mated density of ~. flavifrons (in a particular meadow) against the week 

in which new queens occurred in that meadow (Figure 14). These results 

show that the local density of foragers is negatively related to the 

temporal production of queens and their subsequent occurrence in a given 

meadow. Moreover, those meadows where new queens failed to occur at all 

(hollow circles in Figure 14) generally support the lowest forager 

densities. The obvious common denominator for the variation in densities 

and reproduction is variation in local floristics. The results presented 

here suggest a scheme of colony ergonomics and reproduction: After the 

first weeks of the summer, local floristics determine the rates and 

capacity at which a colony produces workers; this in turn directly 
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Figure 14. Relationship for Bombus flavifrons between the 
maximum estimated density of bees and the emergence of new queens. -
For a particular meadow, the maximum density of bees observed (adjusted 
for time = 1100 hrs and temperature = 17oC; see legend for Figure 10). 
Further details concerning the emergence of queens may be found in 
Chapter 1. Regression analysis did not include the five meadows where 
new queens failed to occur (hollow circles). 
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effects the timing of the reproductive switch point when the colony 

begins to produce only male and female (i.e., new queens) reproductives. 

Such a scenario ties f1oristi~s to both the patterns of local bumble

bee.densities and their reproduction through dynamics at the colony 

level. 

General Discussion 

Perhaps the most rigorous demonstration that flower resources 

are actually limiting to bumblebees would be to show that the net floral 

(energy) resources available to a particular colony (both in the present 

and in the past) are in close concordance with the energy shunted into 

colony maintenance, growth, and reproduction. A multitude of practical 

problems makes such a research objective unrealistic for natural systems. 

However, I believe that the main results presented here relate general 

measures of resource availability to colony production of foragers and 

reproductives. The effects of competition, most likely mediated 

through the reduction of floral rewards available to individual colonies, 

also appear to be important processes affecting colony dynamics and 

forager densities. 

The obvious deficiency in the results presented here are data 

on the number of colonies in each meadow and their functional and numeri

cal responses to resource levels and competitor densities. Bumblebee 

colonies have a division of labor such that some bees are engaged in 

foraging while others are involved in nest maintenance and brood care 

(Free and Butler 1959). But, by adding nectar to the colony honeypot, 

Brian (1954) showed that fewer bees foraged, apparently a response to 
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resource levels. Inouye (1978) fouhd that when resource input into a 

colony is reduced because foragers were removed, more bees, including 

"house" bees, begin to forage. Although these manipulations are rather 

drastic, they do suggest that the absolute abundances of bumblebees 

(including "house" bees) in a meadow are not a simple function of the 

number of foraging bees. For example, density estimates of foragers in 

resource-poor meadows might give inflated estimates of the total abun

dance of bees relative to those in resource-rich situations where 

proportionately fewer bees may forage. I predict that if the total 

number of bees in each meadow could be counted a tighter degree of con

cordance between bumblebee densities, competition, and local floristics 

would emerge. 

This view of flower-bumblebee associations opposes that of 

others who argue that flower resources rarely limit Bombus colony 

ontogeny and growth (Svensson and Lundberg 1977, Lundberg and Ranta 

1980, Ranta and Lundberg 1980, Ranta and Vepsalainen 1981, Ranta et ale 

1981). Their contention stems mainly from the observation that bumble

bee preferred flowers exhibit peak flowering periods that are 

characteristically much shorter than the two to three weeks necessary 

to raise a brood from egg to adult stages. Hence, when a particular 

brood emerges and begins to forage the flower resource base may offer 

totally different energetic returns than that responsible for its pro

duction. An inherently unstable situation may follow. Such time lags 

may magnify the temporal asynchronies between flowers and bumblebees and 

oppose fine-scale resource tracking by Bombus. This may be of particular 
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bumblebee foragers and their flowers are examined concurrently. 
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While the above view of bumblebee-flower covariability is 

conceptually correct it may be simplistic. The main problem appears to 

be one of reductionism. One of the more striking aspects of Bombus 

colony ergonomics is the broad range of flower species used as food 

resources (Hobbs 1962, Teras 1976). Individual foragers major, minor, 

and sample flowers (Heinrich 1979b) while morphological differences among 

foragers, even from the same colony, promote the exploitation of flo~ers 

of varied corolla morphologies (Morse 1977). The overall effect is that 

Bombus exploit a large proportion of the available flower association 

rather than one or two flower species as the above scheme implies. 

Furthermore, while the flowering phenologies of individual plant species 

do vary the resource levels provided by the entire flower association may 

be substantially less variable. Consequently, bumblebees may more 

accurately track the levels of available resources than some authors have 

suggested. 

Moreover, the composition of local plant associations in a given 

habitat is autocorrelated through time. In this study mesic meadows with 

energetically rewarding flower associations support floral resources that 

continue to be relatively rich throughout the summer relative to those 

in the drier meadows. For example, peak flowering times of Trifolium 

in mesic meadows overlap with, and are followed by, Castilleja, which is 

followed by Mertensia, and so on. Similarily, dry meadows remain dry 

throughout the summer and support floristic associations that consis

tently yield low returns for bumblebees. Such autocorrelation in 
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floristics coupled with the tendency for Bombus to use a range of flower 

species weakens the time-lag hypothesis relating flower availability to 

unstable dynamics in bumblebee populations. In its place a more continu

ous and deterministic view of the relationships between floral resources 

and Bombus colony growth and ontogeny seems appropriate (see also 

Pleasants 1981). 

It is in the context of these ecological relationships that 

interspecific competition might be viewed as an important process. The 

potential effects of competition for Bombus have been noted by numerous 

investigators (e.g., Hocking 1968, Heinrich 1976a, Inouye 1978. 1980, 

Pleasants 1981). Inouye (1978) experimentally showed that exploitative 

competition among Bombus was important in the patterns of flower use 

by species at the level of a patch. Morse (1977), also focusing on 

flower patches, suggested that interference competition was important in 

the foraging behaviors of Bombus ternarius and~. terricola. Do these 

studies have any relevance at the community (or colony) level where many 

flower patches of varied size and composition occur? An answer to this 

question may be suggested by the more general patterns documented here. 

Unlike the studies of Inouye (1980) and Morse (1977) information 

on the mechanisms of competitive interactions (e.g., via differences in 

flower utilization related to tongue length and other factors) was 

sacrificed in order to try to assess the consequences of competition over 

an entire season. In theory or practice, it would be difficult to deter

mine all the mechanisms underlying variation in forager density and 

colony performance. There are several problems in doing so. First, 

flower associations vary significantly in phenological, morphological, 
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and distributional attributes of the component species. Overlaid on this 

is substantial variation (both within and among Bombus species) in body 

sizes, tongue lengths, nest sites, learned repertoires for collecting 

nectar from different flower species, and colony ontogenies; all may 

affect the reward schedules and standing crops offered by particular 

flowers and the overall patterns of floral exploitation. It may be pos

sible to study in detail the dynamical aspects of Bombus exploitation of 

a few flower species or patches, for a few weeks of the summer, but 

accomplishing this for the entire spectrum of flowers on the spatial 

scale used by bumblebee colonies over an entire season would be difficult. 

The exploitation of only a few flower species mayor may not have impor

tant bearing on the total ergonomic budget of a colony over the summer. 

At present I believe there are just too many unanswered questions 

concerning Bombus-flower associations to base inquiries on circumscribed 

subsets of the system, followed by an unwarranted projection of the 

results to overall schemes of community organization. 

This notwithstanding, I suggest that there are general patterns 

that characterize Bombus-f1ower associations which are conceptually 

straightforward and testable. Community-level analyses, such as the 

present one, may be criticized because of the lack of detail at the level 

of individual foragers and species; however. the emergent patterns 

identify the importance of resource limitation and competition and should 

serve to focus future research on specific questions about the underlying 

mechanisms. 



APPENDIX A 

MEAN FLOWER DENSITIES OF THE 20 
BUMBLEBEE PREFERRED FLOWERS ENCOUNTERED IN 1981 

LISTED BY MEADOW AND WEEK 
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alpin. (01). Epilabt. In,usUfolhll (EI), Erigeron COllllosttus (Ee), Ertgeron si."lex (Es). Gentiln calxcosl (Ge). Hterlctu. ,rlctle (Hg). 

Mertenstl !1!.!M!. (MY). Pedicullrts ,roenlindici (Pg). PObgonu. bistortotdes (Pb). PotenttHI spp. (Ps). ~ stenopetllu. (55). ~ 

integerri.us (St), Trifoltu. dlsYPhyllu. (Td), Trtfoltwn plrryt (Tp). 

Meldow Week AI At Au Aco Cl Cd De EI Ee Es Ge Hg MY Pg Pb Ps SsSi Td Tp F51 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 10 

1 11 

1 12 

2 

2 

2 

2 

1 

2 

3 

4 

.18 

.26 .02 

.34 

.12 

.08 

.12 

.12 

.42 

.08 .09 .91 

.17 3.12 

.21 4.79 

.22 2.16 

.18 1.11 

.03 .92 

.13 

.41 

.31 

.12 

.12 

.32 

.22 

.08 

.03 

.02 

.02 

.02 

2.10 

7.10 .13 .21 

9.99 .47 .83 1.29 

3.60 .67 1.89 1.48 

3.20 .48 1.33 1.23 

2.10 .12 1.41 .97 

.83 .81 .21 

.22 

.21 

.23 

.18 .21 

.12 .83 .09 

.13 1.79 .13 .03 .OS 

.04 

.13 

.21 

1.37 .17 .29 .09 .02 

.74 .21 .13 .22 

.12 .17 .os .13 

.12 

.03 

.02 

.07 

-.788 

-1.060 

-1.072 

-.938 

-.486 

.&OS 

.10 1.&10 

.03 .955 

.569 

.203 

-.288 

-.564 

-.&25 

-.fi83 

-.833 

-1.066 

FSII 

-.038 

.09fi 

.143 

.158 

.175 

.299 

.223 

-.355 

-.369 

-.293 

-.242 

-.137 

-.118 

-.-
.01& 

.179 

" ~ 



Meadow Week "- At Au Aco C1 Cd Da Ea Ec Es Gc 

Z 5 .ZI .ZZ 

Z 6 .13 .81 .ZI 

Z 7 .14 .01 .Z3 1.91 .93 .04 .Z3 

2 8 0.65 .03 .74 4.26 3.29 .09 .83 

2 9 .64 .82 5.23 4.71 .21 .72 

2 10 .32 .23 3.12 2.21 .10 .15 

2 11 .13 1.73 1.71 .03 .15 

Z lZ .13 .15 

·3 

3 2 .09 

3 3 .OS 

l 4 .04 .01 .13 

3 5 .12 .13 .42 .31 

3 6 .93 .17 .91 1.31 6.42 .10 

3 7 2.18 .33 1.63 2.60 B.73 .50 

3 8 2.21 .21 .97 2.37 7.Z1 .33 

3 9 1.31 .13 .32 1. 78 3.23 .31 

3 10 .83 .13 .91 1.41 .21 

3 11 .71 .93 .13 

3 12 .54 .83 .06 

4 .10 .10 

4 2 .13 .13 

Hg tty Pg Pb Ps Ss 

.71 .94 .75 .08 

3.12 .31 1.87 .OZ 

5.19 .09 1.27 

.17 7.21 .83 

6.23 

.81 

.03 

.06 

.10 

.10 

.13 .22 

.31 .31 .13 .41 .41 

.72 .40 .2B 1.73 .37 

.61 .33 2.10 .22 

.51 .OS 1.31 .13 

.23 .91 .10 

.13 

.04 

.05 

St Td Tp FSI 

-1.263 

1.71 .Z7 .ZI .278 

2.27 .961 

2.31 2.114 

1.71 2.016 

.61 .331 

-.210 

-.578 

-.648 

.12 -.778 

.10 -.758 

.04 -.693 

-.435 

.07 .458 

.21 1.296 

.21 1.227 

.09 .429 

-.060 

-.519 

-.467 

-.858 

-.927 

FSII 

.054 

1.816 

1.842 

2.582 

2.406 

.594 

.061 

-.171 

-.104 

.005 

-.009 

-.047 

-.148 

-1.290 

-1.870 

-1 •• 1 

-1.077 

-.697 

-.291 

-.413 

.019 

.059 

...... 
c.n 



Meadow Week All k Au ko C1 Cd III Ea Ec Es Gc Hg ltv Pg Pb P5 S5 Si Td Tp FSI 

4 

4 

4 

4 

4 

4 

4 

3 

4 

5 

6 

7 

8 

9 

4 10 

4 11 

4 12 

5 

5 

5 

5 

5 

5 

5 

2 

3 

4 

5 

6 

7 

5 8 

5 9 

5 10 

5 11 

5 12 

.32 

.87 

.91 .09 

.72 .03 

.62 

.31 

.03 

.17 .21 

.36 .52 

.33 .51 

.33 .51 

.21 .41 

.21 .30 

.21 

.10 .12 

.03 .32 .87 

.09 

.31 

.92 1.31 

2.96 4.25 

2.32 5.32 

1.11 4.25 

.84 2.17 

1.13 

.13 

.31 .03 

.13 .03 .34 

.03 .26 .91 

.31 2.61 

.26 2.71 

.13 2.11 

.03 1.31 

.86 

.31 

.21 

.21 

.09 

.13 

.21 

.21 

.09 

.os 

.08 

1.17 .31 .30 .11 .71 .01 

2.37 .03 .51 1.01 .71 .03 1.31 .04 

4.19 .06 1.13 1.81 1.84 .01 2.68 .06 

5.36 .10 2.32 2.21 2.46 

4.27 .06 2.40 2.21 1.75 

3.21 .01 1.74 .91 1.31 

1.01 1.50 .33 .86 

.75 .17 .11 

.03 

.47 

.31 

.21 

.21 .13 

3.42 .03 

2.71 .02 

1.78 .01 

.86 

.21 

.86 

.93 .03 .51 

3.74 

1. 37 3.41 3.51 

1.36 .31 1.41 3.41 2.74 

1.26 .31 2.62 3.21 1.31 

.84 .24 2.62 1.71 .82 

.33 .23 1.82 .87 .61 

6.10 

1.96 .82 

1.96 .82 

1.31 .71 

1.03 .61 

.47 .54 

.41 

.46 

1.17 

3.19 

2.75 

1.71 

.93 

.21 

.41 

1.93 

3.64 

3.64 

3.21 

1.91 

1.31 

.93 

-1.088 

-.949 

-.298 

.713 

.71 2.804 

.22 3.263 

2.320 

1.248 

.233 

-.423 

-.648 

-1.228 

-1.357 

-1.272 

-.794 

.019 

1.847 

2.197 

2.172 

1.699 

1.092 

.494 

FSII 

.153 

.276 

.381 

.624 

2.507 

2.103 

.975 

.522 

-.OS9 

-.234 

-.104 

.238 

.327 

.293 

.282 

.822 

1._ 
1.798 

1.187 

.355 

.132 

.024 

....., 
en 



MeldOw Week ~ At Au Aco Cl Cd De EI Ec Es Gc Hg Mv Pg Pb Ps 55 5t Td Tp FSI F511 

6 

6 

6 

6 

6 

6 

·6 

6 

6 

2 

3 

4 

5 

6 

7 

.22 .17 

.91 .32 

8 1.71 .21 

9 1.31 .13 

6 10 1.20 

6 11 

6 12 

7 

2 

3 

4 

5 

6 

.51 

.20 

.31 

.71 

7 

7 

7 

7 

7 

7 

7 

7 

7 .86 

8 1.31 

9 1.64 

7 10 1.37 

.12 

.24 

.13 

.10 

.01 

.03 

.13 

.03 

.03 

.21 .09 

.43 .36 

.20 .21 

.09 .13 

.01 .14 

.41 .03 

.27 .09 

.13 .27 

.13 

.03 

.13 

.15 

.09 

.02 

.03 

.34 

.27 

.13 

.31 

1.87 .12 

.04 .27 

.13 .75 

.21 1.63 .c!1 .03 .09 .51 

.20 1.61 .17 .27 .09 .43 

.09 .43 .12 .46 .03 .13 

.01 .21 .10 .31 

.03 .07 .13 

.31 

.61 .S3 

.87 1.41 

.13 

.87 

.87 2.47 .03 .71 

.61 2.51 .71 .31 

.21 1.78 1.31 .21 

1.63 .91 .10 

.08 

.13 

.47 

.31 

.13 .21 

1.13 

2.42 

2.21 

2.21 

.04 

.13 

.41 

.91 

.33 

.10 

.31 .10 

.03 .13 .03 

.61 .07 

1.21 .09 

4.71 .05 

3.21 .03 

2.10 

.21 

.10 

.lv 

.05 

.21 

.13 

.05 

-.767 

-.926 

-1.254 

-1.137 

-.816 

-.209 

.442 

.498 

.375 

-.103 

-.411 

-.547 

-.690 

-.787 

-1.493 

-1.210 

.10 -.607 

.12 -.023 

-.019 ... 
.258 

.180 

-.006 

.124 

.169 

.094 

.006 

-.381 

-.313 

-.210 

-.081 

.021 

.370 

.219 

-.089 

-.451 

.10 .171 -.752 

.10 .758 -1.132 

.03 .528 -1.114 

.188 -.. 
'" '" 



Meldow Week All Ae Au Aeo C1 Cd DI EI Ee Es Gc Hg MY Pg Pb Ps Ss St Td Tp FSI FSII 

7 11 .91 .93 .81 .03 .91 -.146 -.674 

7 12 .31 .41 .13 .01 2.00 -.273 -.402 

8 .10 -.703 -.071 

8 2 .03 .13 -.767 -.037 

8 3 .09 .17 -.880 .023 

8 4 .09 .14 .15 .10 -.837 .007 

8 5 .13 .02 .04 .32 .31 .03 .10 .03 -.603 -.178 

8 6 .33 .08 .17 .91 1.21 .21 .21 .14 .04 -.249 -.416 

8 7 1.31 .26 .28 1.31 2.71 .13 .41 .93 .21 .02 .280 -.949 

8 8 1.56 .13 .13 1.21 2.31 .21 .74 .42 1.01 .07 .01 .727 -2.085 

8 9 1.42 .10 .09 .91 1.31 .21 .58 1.21 .13 .149 -.866 

8 10 1.21 .09 .03 .21 .91 .31 .31 .97 .09 -.060 -.716 

8 11 .91 .71 .31 .21 .81 .03 -.223 -.604 

8 12 .72 .51 .13 .21 .34 -.372 -.458 

9 .09 .10 -.820 -.006 

9 2 .13 .12 .09 -.944 .071 

9 3 .13 .21 .09 -1.066 .131 

9 4 .03 .13 .17 .03 -.882 .041 

9 5 .09 .75 .29 .13 .31 .86 .03 1.41 -.226 1.005 

9 6 .31 .93 1.21 .10 .86 .09 1.31 .01 .04 3.42 .13 .526 2.033 

9 7 .91 1.71 4.21 .87 1.31 .41 .03 3.47 .12 .21 2.21 .t7 2.273 5.269 

9 8 .12 .87 1.31 4.12 .63 1.31 .31 .21 .21 2.67 .24 .21 1.78 .'7 1.933 4.177 

...... 
00 



HeldOw Week A. Ac Au Aco Cl Cd DI EI Ec E5 Gc Hg MY Pg Pb P5 S5 SI Td Tp FSI 

9 9 

9 10 

9 11 

9 12 

10 

10 

10 

10 

10 

10 

10 

10 

10 

2 

3 

4 

5 

6 

7 

8 

9 

10 10 

10 11 

10 12 

11 1 

11 

11 

11 

11 

11 

2 

3 

4 

5 

6 

.24 .34 

.09 .32 

.07 .13 

.03 .05 

.13 .21 

.63 .21 

.51 .13 

.36 .10 

.21 .03 

.13 

.09 

.10 

.21 

.13 

.03 

.31 

.47 

.51 

.62 3.12 

.21 2.14 

.87 

.41 

.03 

.09 

.01 .83 

1.21 1.09 

1.21 1. 31 

.87 1.34 

.33 1.21 

.03 .31 

.21 

.09 

.21 .09 

.13 .21 .31 

.36 .91 

.06 

.17 

.19 

.13 

.10 

.03 

.03 

.17 

.21 

.13 

.04 

.41 1.01 .21 .56 .21 2.31 

.41 .87 .19 .56 .13 2.01 

.31 .51 .17 .43 .10 1.75 

1.97 .13 

.86 .10 

.73 .09 

.41 .18 .31 .09 1.21 .73 .03 

.03 

.25 

.23 

.17 

.09 .08 .09 

.13 

1.41 

2.47 .21 

2.31 .41 

.31 

.93 

.10 .91 

.13 .10 .34 

1.29 .42 .82 .14 .13 

1.01 .42 .91 .09 

.93 .42 .72 .09 

.09 

2.16 

3.14 .33 .13 

.03 1.42 

.08 

.13 

.27 

2.81 .37 

2.71 .41 

1.31 .91 

.86 .36 

.13 .09 

.03 .09 

.13 .93 

.03 1.21 

1.63 

1.01 

.93 

.33 

.09 

.71 

.84 

.73 1.997 

.61 .036 

.03 .364 

-.113 

-.796 

-1.190 

.03 -1.141 

.09 -.931 

.19 -.665 

.61 

.52 

.42 

.36 

.053 

.740 

.865 

.558 

.15 .094 

-.213 

-.306 

-.1171 

-1.229 

-1.349 

-1.101 

.13 -.315 

.71 .331 

FSII 

2.500 

2.737 

1.199 

.193 

-.013 

.221 

.197 

.102 

.162 

.740 

.784 

.415 

-.147 

-.346 

-.330 

-.325 

.060 

.273 

.344 

.269 

.347 

.444 

...., 
\0 



Meadow Week 

11 7 

11 8 

11 9 

11 10 

11 11 

11 12 

12 

12 2 

12 3 

12 4 

12 5 

12 6 

12 7 

12 8 

12 9 

12 10 

12 11 

12 12 

13 

13 

13 

13 

2 

3 

4 

~ Ac Au "co C1 

.31 .OS 

.31 .OS 

.83 .OS 

.71 .03 

.61 .03 

.45 1.21 

.51 .84 

.31 .31 

.13 .23 

.13 

.61 .01 .OS 

.03 

.13 

.56 

.42 

.42 .31 

.13 .91 

.04 .03 1.91 

.42 1.31 

.36 1.21 

.24 

.24 

.19 

.12 

.21 

.21 

.03 

.86 

.64 

.21 

.03 

Cd Da 

.09 

.09 

.03 

.03 

.12 

.43 

.47 

.43 

Ea Ec Es Gc H9 MY 

9.99 .47 .45 .02 

5.21 .51 .62 .03 

2.67 .73 .71 .03 

1.01 .91 .84 .03 

.93 .34 .84 .02 

.71 .54 .73 .02 

.31 

.86 

1.36 .64.86 

1.36 .31 1.21 .41 

1.41 .31 2.41 .31 

1.24 .42 2.41 .13 

.93 .3J 1.78 

.45 .31. .86 

Pg Pb P5 

.13 

.63 

.63 

.21 

2.73 

3.13 .41 

2.52 .31 

1.71 .21 

1.01 .21 

.31 .13 

.13 .21 

.03 .73 

.12 

.47 

.47 

1.21 .13 

3.71 .21 

3.67 .63 

2.68 .62 

1.21 .48 

.84 .42 

S5 St Td 

1.36 

1.36 

.94 

.84 

.13 

.10 

Tp FSI 

.83 1.483 

.33 1.124 

.09 .669 

.295 

-.017 

-.185 

-.746 

-1.325 

.21 -1.582 

.31 -1.067 

.75 -.833 

.63 -.279 

.91 .232 

.21 .627 

.889 

.651 

.271 

-.116 

-.867 

-1.442 

-1.769 

-1.592 

FSII 

.535 

.159 

-.307 

-.3" 
-.493 

-.478 

-.041 

.307 

.587 

.305 

•• 
.148 

-.008 

-.530 

-.850 

-.797 

-.588 

-.488 

.023 

.333 

.526 

.412 

e 



Meldow Week All Ac Au Aco Cl Cd DI EI Ec Es Gc Hg ttv Pg Pb P5 S5 St Td Tp FSI FSII 

13 5 .03 .3Z .3Z .06 .32 .12 .17 -1.242 .357 

13 6 .64 .17 .12 .21 .36 .31 -.832 .266 

13 7 .64 .12 .12 .36 .12 1.12 .7$ -.490 .319 

13 8 .48 .43 .36 1.36 .75 -.191 .147 

13 9 .32 .43 .03 .27 .67 .36 -.363 .037 

13 10 .12 .32 .03 .13 .53 .36 -.437 -.009 

13 11 .12 .06 .12 .53 .I~ -.500 -.098 

13 12 .03 .06 .12 .53 -.524 -.133 

14 .03 .12 -.759 -.041 

14 2 .12 .09 .36 -1.107 .174 

14 3 .21 .10 .17 .36 .21 -1.226 .378 

14 4 .21 .12 .33 .09 .21 .93 -.859 .511 

14 5 .03 .21 .93 .06 .33 .21 .54 .12 .22 1.6~ -.271 .755 

14 6 .03 .21 1.21 .03 1.41 .92 .31 .64 .03 .81 1.62 .149 .558 

14 7 .31 .03 2.12 2.63 1.11 .62 1.21 1.21 .13 1.31 .HI .366 

14 8 .93 2.12 2.51 1.20 .67 .61 1.21 3.21 .14 .30 1.013 -.333 

14 9 .93 1.36 2.51 .82 1.21 .51 .84 3.17 .14 .12 .as -.544 

14 10 .91 1.46 2.32 .82 1.21 .43 .71 2.67 .09 .748 -.533 

14 11 .86 .83 1.21 .62 1.13 .31 .61 1.31 .09 • 306 -.. 
14 12 .61 .21 .86 .42 1.03 .09 .86 .06 -.063 -.522 

15 .03 -.641 -.104 

15 2 .12 .12 .12 -.961 .080 

CD .... 



Me.dOw Week ~ Ac Au Aco C1 Cd DI E. Ec E5 Gc H9 NY P9 Pb Ps 5s 51 Td Tp FSI FSII 

15 

15 

15 

15 

15 

15 

3 

4 

5 

6 

7 

8 

.15 9 

15 10 

15 11 

15 12 

16 

16 

16 

16 

16 

16 

16 

16 

2 

3 

4 

5 

6 .21 

7 3.41 

8 3.41 

16 9 3.52 

16 10 2.68 

16 11 2.11 

16 12 2.10 

.12 

.93 

.93 

.116 

.71 

.24 

.12 

.03 

.31 

.31 .84 

2.74 

4.71 

4.68 

3.21 

2.72 

1.21 

.91 

.24 

.86 

1.11 

3.41 .03 

3.21 .13 

3.11 .13 

1.18 .09 

.84 .09 

.24 .03 

.24 .03 

.12 

.03 

.13 

.21 

.21 

.03 

.12 

.32 

1.01 

3.76 

3.61 

3.21 

2.OS 

1.01 

.M 

2.67 

.21 

.21 

.42 

.42 

6.71 1.21 1.20 

6.71 3.21 1.21 

5.32 3.41 2.41 

4.21 3.41 2.48 

4.18 3.20 1.21 

3.34 3.11 1.21 

.12 

.19 

.84 .12 .03 

1.21 .03 .12 .09 

3.71 

2.61 

1.97 

1.97 

.64 

.32 

.21 

.83 

.83 

.24 .21 

.23 .42 

.86 .71 

.87 .71 

.86 .64 

.24 .58 

.17 .42 

.86 .21 .17 .21 

1.31 .12 .51 .64 

1.42 .03 2.12 1.22 

1.33 

1.20 

.91 

.21 

3.71 .84 

4.21 .72 

3.61 .61 

2.42 .21 

1.41 

-1.087 

.12 -.895 

.32 -.148 

.32 .579 

.12 1.082 

.04 1.155 

.969 

.364 

.099 

-.222 

-.965 

-1.558 

-1.558 

.32 -.646 

.93 -.244 

.177 

.289 

.653 

1.674 

2.006 

1.366 

.993 

.512 

-.014 

-.193 

.068 

.416 

.416 

.251 

•• 
3.21 1.042 1.062. 

2.21 3.155 -1.437 

1.11 3.256 -2.018 

.14 2.153 -2.367 

2.313 -2.406 

1.191 -1.700 

.871 -1.592 

co 
N 



Meadow Week All At Au Aco C1 Cd Da Ea Ec E5 Gc Hg 

17 .12 

17 2 .24 

17 3 .12 .24 

17 4 .33 .12 

17 5 .09 1.11 .84 .17 .64 

17 6 .31 .84 1.21 .03 LI0 

17 7 1.03 .81 3.41 2.41 

17 8 .12 .57 .81 4.12 2.36 

17 9 .36 .32 .70 3.70 1.86 .21 

17 10 .32 .32 2.21 1.41 .32 

17 11 .24 .32 1.21 1.11 .32 

17 12 .24 .OS .84 .64 .41 

18 

18 2 

18 3 

18 4 .08 

18 5 .31 .08 .12 .31 

18 6 .12 .12 .21 1.31 1.21 

18 7 1.31 .07 .37 .86 4.21 1.11 

18 8 2.11 .31 2.11 4.26 1.10 

18 9 2.47 .21 2.21 3.21 .12 .82 

18 10 2.24 .12 1.31 3.08 .31 .69 

MY ,g PIt '5 S5 

.03 

.12 

.43 

.84 .43 

1.21 .32 

4.65 .12 .31 

3.21 .04 .84 .24 

3.19 1.11 .24 

2.10 1.02 .36 

1.41 1.02 .42 

.21 1.11 

.93 

.03 

.12 

.12 

.IM 

.32 

1.20 .32 

5.41 .91 

4.21 1.11 

3.27 .81 

1.82 .64 

St Td Tp FSI 

-.811 

-1.1M5 

.32 -1.218 

1.11 -.714 

1.71 2.21 .057 

3.41 1.84 1.221 

3.56 1;21 1.893 

2.76 .62 1.698 

1.41 1.151 

1.41 .688 

.82 .155 

-.200 

-.641 

-.719 

-.719 

-.638 

-.443 

-.030 

1.210 

1.343 

1.084 

1.355 

FSII 

-.024 

.099 

.392 

.810 

2.197 

3.204 

3.530 

2.723 

1.414 

.80S 

.434 

-.135 

-.11M 

-.061 

-.061 

-.014 

-.013 

-.542 

-1.144 

-2.117 

-1.885 

-1.935 

Q) 
W 



Meadow Week - At Au Aco Cl Cd De Ea Ec E5 Gc Hg MY Pg Pb P5 55 Sf Td Tf FSI FSII 

18 11 2.24 .64 2.20 .31 .94 .52 .316 -1.401 

18 12 1.93 .32 2.11 .42 .21 .24 .044 -1.153 

19 .03 -.648 -.104 

19 2 .03 .10 -.144 -.051 

19 3 .06 .12 -.BOO -.021 

19 4 .03 .11 .10 .10 -.120 -.029 

19 5 .64 .62 .12 .12 .03 .84 .22 .91 -.153 .110 

19 6 .71 .92 .62 .72 1.11 1.10 .31 2.24 .436 .485 

19 7 1.21 1.18 1.11 4.21 2.41 1.11 3.40 .84 2.12 1.676 -.876 

19 8 3.11 1.21 1.10 4.62 .12 2.41 .82 3.21 .72 1.14 1.892 -1.577 

19 9 3.22 .86 .92 3.21 .17 1.75 .81 3.20 .62 1.22 1.532 -1.514 

19 10 4.21 .72 .32 2.21 .19 1.32 .41 1.11 .51 .41 •• -1.763 

19 11 2.24 .21 .12 .41 .10 .14 .12 .42 .11 .056 -.911 

19 12 1.20 .24 .63 .21 -.281 -.563 

20 .04 .12 -.814 -.018 

20 2 .21 .52 .24 -1.658 .451 

20 3 .42 .31 .32 -1.587 .462 

20 4 .31 .11 .18 -1.133 .206 

20 5 .12 2.11 .03 .82 .03 .23 .19 .31 .13 .31 -.419 .420 

20 6 .03 4.76 1.92 .42 .82 .02 1.11 .31 1.21 1.21 .750 .687 

20 7 .03 4.56 5.67 .84 .87 1.21 2.~1 .62 1.30 .78 1.536 .222 

20 8 .24 2.74 5.82 1.42 .42 1.04 2.52 .63 .92 .32 1.247 -.261 

~ 



Meldow Week ,. Ac Au ko Cl Cd III EI Ec Es Gc Hg "" Pg Pb Ps Ss Sf Td Tp FSI FSII 

20 9 .18 1.11 4.71 1.62 .31 .92 2.52 .71 .21 .10 .SA -.515 

20 10 .20 .83 3.21 1.71 .09 .72 1.82 .41 .12 .436 -.417 

20 11 .24 .12 2.97 1.51 .22 1.82 .40 .228 -.623 

20 12 .12 1.67 1.42 .21 1.05 .32 -.074 -.514 

21 .12 .10 -.840 .010 

21 2 .12 .12 .13 -.961 .080 

~1 3 .32 .46 .22 -1.536 .435 

21 4 .51 .12 .24 .52 .13 -1.294 .527 

21 5 .21 .71 .31 .12 .30 .62 .10 .13 .42 -.548 .446 

21 6 .03 .11 2.32 2.12 1.91 1.71 .02 1.21 .91 .3~ .977 1.299 

21 7 .21 .03 2.96 2.12 5.21 .31 1.63 1.90 1.11 .64 1.761 1.396 

21 8 .42 1.31 1.84 5.21 .30 .10 1.46 2.11 1.10 .52 1.412 .457 

21 9 .42 .30 1.72 1.86 .86 1.12 1.31 2.11 1.05 .4 • .995 -.250 

21 10 .36 1.61 .94 .85 1.22 • 83 2.21 1.01 .20 .739 -.546 

21 11 .32 .31 .31 .51 .93 .71 1.83 .81 .12 .301 -.582 

21 12 .34 .31 .23 .~3 .84 1.21 .34 -.072 ':.526 

22 .12 .03 -.728 -.043 

22 2 .12 .09 .12 -.920 .060 

22 3 .03 .12 .12 -.901 .034 

22 4 .03 .06 .12 .03 1.42 -.633 .427 

22 5 1.12 .09 .26 .06 2.4 • -.115 1.096 

22 6 • 86 .12 .03 .92 .22 1.11 .82 1.10 .192 .213 

00 
U1 



Meadow Week All Ac Au ko C1 Cd De Ea Ec E5 Gc Hg MY Pg Pb P5 S5 Sf Td Tp FSI FSII 

22 7 .72 .12 1.09 1.32 1.27 1.10 .80 .32 .322 -.604 

22 8 .71 1.20 1.13 1.32 .09 .92 .62 .12 .201 -.641 

22 9 .83 .92 .92 1.31 .46 .83 .51 .155 -.733 

22 10 .84 .64 .81 1.01 .45 .12 .48 -.023 -.661 

22 11 .70 .12 .12 .82 .33 .12 -.332 -.518 

22 12 .62 .03 .41 .31 -.438 -.395 

23 .03 -.645 -.103 

23 2 .11 .03 -.745 -.037 

23 3 .09 .32 .03 -.652 .090 

23 4 .03 .47 .12 -.526 .106 

23 5 .36 .32 .12 .12 -.465 -.015 

23 6 .12 .82 1.10 .10 .31 .42 -.256 -.419 

23 7 .42 .12 1.21 2.87 .32 2.40 2.52 .912 -1.758 

23 8 1.10 .87 1.32 2.53 .32 2.51 2.37 1.077 -1.757 

23 9 2.41 .72 .92 2.46 .19 .18 1.17 5.00 .719 -2.102 

23 10 2.38 .61 .61 1.92 .12 1.81 1.62 .797 -1.740 

23 11 1.83 .32 .21 1.31 .92 1.11 .289 -1.218 

23 12 1.74 .12 1.11 .21 1.09 .113 -1.114 

24 .11 .10 .05 -.879 .033 

24 2 .23 .22 .11 -1.162 .111 

24 3 .31 .47 .32 .21 .10 -1.691 .567 

24 4 .18 .32 .24 .86 -1.255 .549 

~ 



Meadow Week All Ac Au Aco C1 Cd .,. Ea Ec Es Gc Hg MY P9 Pb Ps Ss St Td Tp FSI FSII 

24 5 .11 .62 .10 .84 .12 .42 .36 .21 -.608 -.008 

24 6 1.13 .04 1.11 .42 .82 .91 .16 .013 -.349 

24 7 .12 2.05 4.61 .87 1.14 1.27 .04 .714 -.534 

24 8 .34 1.72 4.23 .86 .83 3.27 1.27 1.093 -.873 

24 9 1.10 1.42 3.21 .87 1,12 2.82 1.32 1.085 -1.156 

24 10 1.11 .43 .92 .62 1.09 1.08 1.02 .413 -1.061 

24 11 .91 .12 .14 .48 1. 32 .32 .92 .130 -.929 

24 12 .32 .32 1.12 .12 .42 -.220 -.535 

25 .10 .10 -.839 -.004 

25 2 .03 .41 .61 -1.678 .461 

25 3 .03 .03 .31 .61 .37 -1.487 .514 

25 4 .03 .06 .12 .14 .30 .12 1.21 .11 1.21 -.475 .397 

25 5 • 01 2.00 .03 .92 .10 .81 1.21 .18 3.11 .30 .83 .827 . 2.245 

25 6 .12 .12 .03 1.20 1.21 .41 3.42 .03 4.21 .50 .61 .976 .525 

25 7 .18 • 24 5.61 3.71 .61 3.21 6.47 .62 .10 2.126 .741 . 

25 8 .83 .03 5.78 3.61 .82 1.78 4.21 .72 1.756 .089 

25 9 .62 .03 4.21 .14 1.71 1.21 1.21 3.21 .82 1.279 -.. 
25 10 .51 1.20 .31 1.20 2.86 .91 2.78 .80 .948 -.177 

25 11 .41 .62 • 10 .91 3.42 .31 2.76 .62 .775 -.• 
25 12 .30 .12 .40 3.02 1.01 .115 -.640 

26 .12 -.704 -.057 

26 2 .23 -.783 .004 

Q) 

"" 



Meldow lleek --
At Au Aco Cl Cd DI EI Ec Es 

26 3 .36 .31 

26 4 .10 .62 .31 .21 

26 5 .24 .05 .31 .33 .34 .83 

26 6 .34 .05 .97 .51 1.35 

26 7 .80 .03 .87 .62 7.21 

26 8 1.72 .23 .71 6.85 

26 9 1.71 .10 .40 6.81 

26 10 1.63 .03 .36 5.30 

26 11 1.50 .21 4.21 

26 12 1.41 .05 1.05 

Gc Hg ltv Pg Pb Ps Ss 

.71 .31 .24 

.82 .41 .51 

1.24 1.32 1.54 

1.10 1.32 1.52 

.92 1.61 1.11 

.81 1.51 1.05 

.21 1.40 .94 

.05 .91 .84 

St Td Tp FSI 

-.792 

-.495 

-.199 

.036 

1.000 

1.039 

.879 

.120 

.446 

.072 

FSII 

.203 

.213 

-.275 

-.547 

-2.ot7 

-2.310 

-2.267 

-1.980 

-1.669 

-1.055 

QC) 
Q) 
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