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ABSTRACT 

A general biogeographic theory of insular species 

diversity, species-energy theory, is produced by replacing 

area in species-area models with a measure of available 

energy. Islands with more available energy support larger 

populations, which have lower extinction rates. Given 

similar immigration rates, islands with greater available 

energy are therefore expected to support greater equilibrium 

numbers of species. Assuming that total population size is 

proportional to energy supply, and that species-abundance 

distributions are lognormal and of similar form, the 

species-energy relationship is approximated by S = kEz. 

Species-energy theory explains 70 - 80 % of the variation in 

species number of angiosperms and of birds on such widely 

varying islands as Greenland and Jamaica. 

The effects of energy on the structure of a subalpine 

bee community in Colorado were investig~ted. As available 

nectar declined, during mornings and over the season, 

foraging profitability for Bombus appositus (Hymenoptera: 

Ap idae) decreased. This change was manifested by increased 

foraging trip durations: nectar loads did not change. 

Total colony profits increased as colonies grew over the 

season, but profit relative to colony size declined. due to 

reduced profitability of individual foraging trips. These 

x 



results support the hypothesis of resource limitation in 

this species. 

xi 

Assemblages of bees foraging on patches of flowers 

showed effects of energy availability on species composition 

and dynamics. Bees foraging in enriched patches had lower 

departure rates than bees in control patches, and, 

consequently, increased equilibrium numbers of individuals 

and species present per patch. Both behavioral and 

mechanical factors influenced departure rates. A species

specific arrival-departure rate model satisfactorily 

described the foraging assemblages and their response to 

enrichment. Experiments performed on 2 species of flowers 

with different corolla tube lengths demonstrated that bee 

species respond differently to resources of unequal 

availability, necessitating a species-l~vel approach. 

Analogies with island systems are discussed. 

Energy is important to communities in general and bees 

in particular on a variety of scales. By implication, human 

resource diversion from natural ecosystems may have profound 

impacts on global diversity and extinction. 



GENERAL INTRODUCTION 

The three studies composing this dissertation, although 

each is independent in itself, have a common thread: all 

are concerned with the importance of energy supply in 

structuring ecological communities. In particular, I 

develop models and present evidence suggesting that the 

effects of energy, or food supply, on the organismal level 

can translate into local and geographic patterns of species 

diversity. 

Following an initial period of skepticism on my part, I 

became interested in investigating energy-related community 

phenomena after repeated exposures to empirical 

demonstrations of a relationship between productivity and 

the number of species in a habitat (some of these ~xamples 

are presented in Brown 1981; also Janzen and Schoener 1968, 

Russell-Hunter 1970, Lassen 1975, Lieth 1975b, Brown et ale 

1979, Richerson and Lum 1980, a large literature on 

latitudinal gradients in species number, some of which is 

reviewed in Pianka 1966, and unpublished data). 

Consideration of possible mechanisms responsible for 

this relationship between productivity and species number 

resulted in species-energy theory (Chapter 1). As currently 

formulated, species-energy theory deals with insular 

habitats, where species populations are maintained by local 
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resources. Such systems are typically large, often 

inaccessible, and usually cannot or should not be 

manipulated experimentally. Rather than attempting to 

overcome the research difficulties associated with island 

systems, I elected to study a community where: 1) The 

resource base for a particular set of species was 

identifiable, easily measured, and easily manipulated, 

2) Resource utilization by species was observable and 

quantifiable, and 3) Response of the system to resource 

manipulation occured over a rapid time scale. 

Given these prerequisites, communities of flower 

visitors were a logical choice of study system. Chapters 2 

and 3 present results of studies of a subalpine community of 

flower visitors, predominantly bees, in the Elk Mountains of 

Colorado. In Chapter 2, I address the effects of nectar 

availability on the foraging profits of a representative 

species of bumblebee (Bombus), the dominant genus in the 

study area. This investigation bears on one of the vital 

assumptions of species-energy theory: that population sizes 

are affected by energy supply. Most of the arguments 

presented in Chapter 2, relating bumblebee foraging 

profitability to population sizes, can be extended to apply 

to solitary bees. Thus a strong case is made for a role of 

flower resources in structuring the bee community as a 

2 



whole. In Chapter 3, I examine the dynamics of foraging 

assemblages of bees on patches of flowers, and show that 

these "micro-communities" are sensitive to resource 

availability, and respond to resource manipulations in ways 

that are analogous to the responses predicted by species

energy theory for insular communities. 

Overall, the results presented in this dissertation 

show that energy supply is important to communities in 

general and to bees in particular on a wide variety of 

spatial and temporal scales. 

3 



CHAPTER 1 

SPECIES-ENERGY THEORY: 

AN EXTENSION OF SPECIES-AREA THEORY 

Summary 

A more general biogeographic theory of island species 

number is obtained by replacing area with a more direct 

measure of available energy in the models of MacArthur and 

Wilson and of Preston. This theory. species-energy theory. 

extends beyond species-area theory in that it applies to 

islands that differ in their per-unit-area productivity due 

to differences in physical environment. such as climate. 

Examination of data on species number of angiosperms and of 

land and freshwater birds on islands worldwide. ranging from 

Greenland and Spitsbergen to New Guinea and Jamaica. 

demonstrates that species-energy theory can explain 70 to 80 

percent of the variation in species number on such widely 

varying islands. and further suggests the existence of 

regular geographic trends in resource utilization or 

species-abundance patterns. The concepts embodied in 

species-energy theory can in principle be used to develop 

predictions of species' abundances and probabilities of 

occurrence on an island. Species-energy theory may also 

provide a unified basis for understanding a broad set of 

observations of patterns in species diversity. 

4 
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Introduction 

Ecologists have long pondered how to predict how many 

species will occur in a community. Recent work (DeAngelis 

1980, Brown 1981, Yodzis 1981) suggests, in agreement with 

earlier authors (Hutchinson 1959. Connell and arias 1964, 

MacArthur 1965, 1972 p. 183) that the energy supply 

supporting a community limits the capacity of that community 

to contain species. This paper considers the relevance of a 

broad set of observations relating energy supply and species 

diversity and abundance, and attempts to provide a unified 

basis for understanding these patterns. To do this, I 

modify two important ecological models of species number and 

show how energy supply can limit species number. The 

modified theory has additional explanatory power and also 

raises new questions. 

One of the most productive ecological models addressing 

patterns of species number has been the equilibrium theory 

of island biogeography, proposed by MacArthur and Wilson 

(1963, 1967), which portrays the regulation of species 

diversity as a dynamic process where immigration opposes 

extinction. The primary factors affecting insular 

immigration and extinction rates identified by MacArthur and 

Wilson were isolation and area. Reasoning that larger 

islands would have larger populations and thus lower 



extinction rates, and that more isolated islands would have 

lower immigration rates, they generated a number of 

predictions in accord with empirical observations. In 

particular, islands of larger area were expected to support 

more species than smaller islands. 

6 

This conclusion, that species number should incre~se 

with increasing island area, was also reached by Preston 

(1962), who proposed an equation for the species-area curve. 

By regarding larger islands as having larger numbers of 

individuals, and by assuming a lognormal species-abundance 

distribution on all islands, Preston derived the approximate 

form of the species-area relationship as 

S = C AZ (1.1), 

where S is the number of species, A is area, C is a constant 

related to population density, and Z is a constant. This 

equation is an approximation of the actual theoretical 

relationship between S and A, which is not a simple function 

(May 1975). Preston arrived at the power function by 

fitting theoretical points to a line by least squares 

regression. The power function form was chosen for 

convenience and good fit over a reasonable range of Sand A. 

Species-area theory, both in the formulation of 

MacArthur and Wilson (1963, 1967) and that of Preston 

(1962), rests on the fundamental assumption that increasing 

island areas allow increased population sizes. However, it 



is clear that area itself usually has no direct effect on 

organisms, and that area is in fact a convenient secondary 

correlate which measures more proximate factors. Two such 

factors are frequently mentioned: first, increased area 

implies a greater total amount of habitat, and so a greater 

total amount of resources, capable of supporting larger 

popula tions. Second, larger islands or insular areas may 

contain a greater variety of habitats or resource types, 

thus supporting populations of a greater variety of species 

(MacArthur and Wilson 1967, MacArthur 1972 p. 102, Connor 

and McCoy 1979, Brown 1981). In both cases, energy, in the 

form of resources, is a parameter of interest. 

The accuracy of area as a measure of either the total 

amount of resources or the variety of resource types 

available depends on the set of islands examined. In 

general, area is accurate if the islands are fairly uniform 

in their climate, topography, and geology (Preston 1962, 

MacArthur and Wilson 1967 pp. 8, 13), but is less 

satisfactory when the islands are varied in these respects 

(Johnson et ale 1968, Power 1972, Johnson 1975). In order 

to extend the species-area models to apply more generally, 

then. it is necessary to adopt a more direct measure of the 

important proximate factors than area provides. I will 

present a modification of the models of Preston and 

MacArthur and Wilson that replaces the area parameter with 

7 
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available energy, explore the implications of the theory 

resulting from this replacement, which I have called 

species-energy theory, and present relevant data for 

angiosperms and land and freshwater birds on islands. The 

potential for using these concepts to predict species 

occurrence and abundance as well as the number of species on 

an island, and the value of the theory in providing a 

unified basis for interpreting diverse observations, are 

also discussed. 

The meaning of available energy 
in species-energy theory 

Species-energy theory is obtained essentially by 

replacing "area" with "available energy" in the models of 

MacArthur and Wilson (1963, 1967) and Preston (1962). This 

section explains the meaning of available energy and why its 

placement in these models is desirable. The substitution is 

illustrated in the following section. The estimation of 

available energy is discussed in the section Testing 

species-energy theory. 

Available energy on an island is the rate at which 

resources available to the species of interest are produced 

on the island as a whole. In other words, available energy 

measures the total amount of available resource production 

on an island, which is one of the likely proximate factors 

affecting species population sizes. Area can only measure 
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total available resource production accurately when the per-

unit-area productivity of different islands is similar. 

Available energy, like area, does not directly measure 

the variety of resource types present on an island, but is 

correlated with it. That is, the larger the total resource 

production on an island, the greater the variety of resource 

types is likely to be. 

Thus available energy serves as a more general measure 

of total resource production on an island than does area, 

and provides comparable information on the variety of 

resource types present. Species-energy theory should 

therefore prove more general than species-area theory, 

particularly by being applicable to insular habitats which 

vary in their per-unit-area resource production, due to 

factors such as climate, topography, or chemistry. 

The effect of available energy in the equilibrium model, 
and species-energy curves 

The equilibrium theory of available energy and species 

number is completely analogous to the MacArthur-Wilson model 

(1963, 196n. The number of species on an island is 

represented as the result of a dynamic immigration-

extinction process, and, following MacArthur and Wilson, I 

assume that smaller populations are more likely to suffer 

extinction (see also Jones and Diamond 1916, Terborgh and 

Winter 1980, Leigh 1981, Toft and Schoener 1983). If the 
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island as a whole produces little energy that is available 

to the species in question, then species population sizes 

will be small, and the extinction rate on the island will be 

high. On the other hand, islands with large amounts of 

available energy will support larger populations of all 

species, and so will have lower extinction rates. Thus 

available energy has the same effect on extinction rate that 

MacArthur and Wilson proposed for area. Also, like area, 

available energy should often have negligible effect on 

immigration rates. For islands of similar isolation, then, 

islands with greater available energy will have higher 

equilibrium species numbers. Figure 1.1 presents the 

familiar graphical representation of this result. 

By assuming that a specific form of species-abundance 

distr i but ion holds on all islands , it is possib le to deri v e 

a more precise, though possibly less general, form of the 

relationship between available energy and species number, 

analogous to the species-area curve derived by Preston 

(1962; see May 1975 for a more exhaustive treatment). Some 

interesting ties exist between species-energy and species-

area curves. 

A basic assumption in Preston's formulation of the 

species-area curve was that the total number of individuals 

of all species on an island should be ~roportional to its 

area, i.e., that N = S A, where S is the total density of 

individuals per unit area. Similarly, I assume here that 
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the total number of individuals on an island, N, is 

proportional to the total production of available energy on 

the island, E, i.e., 

where jO is the number of individuals supported per unit of 

available energy. That ~ is geographically constant for a 

given taxonomic group must be subject to empirical test. 

For the present I will assume that it is constant. The 

predicted form of the species-energy curve is then 

approximately (Preston 1962, May 1975) 

S = k EZ (1.2), 

where k is a constant related to ;0 , and Sand Z are as in 

Equation (1.1). 

In the species-area relation (Eq. 1.1), the coefficient 

C is shorthand for 

C=b(S)Z 
m 

where b is a fitted constant from the power function 

approximation to the theoretical species-area relationship, 

and m is the population size of the rarest species (Preston 

1962). The constant k, on the other hand, is 

Z 
k=b(P) 

m 
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C and k are closely related. If we let r be the per-unit-

area productivity of available energy on an island, then, 

since f> r = ~ , 

C = k rZ (1.3). 

This implies that C should vary with per-unit-area 

productivity, as has been previously suggested (MacArthur 

and Wilson 1967 p. 17), and that if we examined C values 

from species-area curves for a given taxonomic group and 

compared these with the per-unit-area productivity values 

for the corresponding sets of islands, we would expect the 

linear relationship 

log C = log k + Z log r 

This makes good sense, since C is larger under conditions 

where S, the total density of individuals, ~s hiciherj and 

the total density of individuals is generally higher where 

the per-unit-area productivity of the habitat is higher. 

Connor and McCoy (1979) provided an indirect test of this 

prediction by correlating C values, as well as the mean 

number of species for sets of islands (which differs from C 

for a given set of islands only due to choice of units for 

areaj see Gould 1979), with latitude. Unfortunately, 

latitude is not a very accurate indicator of per-unit-area 

productivity. Most of the correlation coefficients 

calculated by Connor and McCoy were non-significant but 
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negative; a significant negative correlation was found 

between latitude and mean number of species for birds. In 

any collection of data, a possible relationship between C 

and r could be obscured by differences in the isolation, 

ranges of area covered, and differing z values of different 

sets of islands. 

The relationship suggested by Equation (1.3) can be 

restated in a more qualitative, intuitive way: among 

islands of similar isolation, islands with low per-unit-area 

productivity are expected to fall below islands with higher 

productivity in a logarithmic plot of species number against 

area. This is what Lassen (1975). found for snails in 

oligotrophic and eutrophic lakes. 

The relationship between C and r also suggests an 

alternative method of conceptualizing the species-energy 

curve. Think of a graph of log S versus log A on which 

sets of islands of similar isolation but differing in their 

per-unit-area productivity of available energy (r) are 

plotted. For the sake of argument, assume that the slopes 

of the various species-area curves are approximately the 

same. Then these relations plot as more or less parallel 

lines with slopes of about z, with sets of islands with 

higher r above those of lower productivity (Figure 1.2). 

Their higher C, the log of which is the intercept on the 

log S axis, reflects this arrangement. If log S were 
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FIGURE 1.1 -Species-energy equilibrium model 

Immigration and extinction rates versus the number of 
species present on an island. Islands with larger total 
amounts of available energy have lower extinction rates, 
resulting in a higher equilibrium number of species 
(S large > Ssmall). 
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FIGURE 1.2 - Hypothetical species-area curves for islands 
with different per-unit-area productivity (r) 
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instead plotted against log E '" log A + log r , each line 

would be shifted rightward by an amount log r. Since the 

higher lines are shifted correspondingly more to the right, 

this results in the separate species-area curves coalescing 

into a single species-energy curve. 

In both the equilibrium model ar.d species-energy 

curves, species-area theory appears as a special case of 

species-energy theory. When islands of similar per-unit

area productivity are examined, area serves as an excellent 

relative measure of available energy, and the species-energy 

models collapse to the species-area models of MacArthur and 

Wilson and Preston. Thus, species-energy theory does not 

require the abandonment of species-area investigations, nor 

does it necessarily invalidate the use of area as a 

parame tel". For the purposes that it has served to date, 

namely the comparison of islands with similar per-unit-area 

productivity, species-area theory is completely valid. 

To summarize at this point, species-energy theory 

recognizes available energy as a proximate factor affecting 

species population sizes. Many of the predictions made by 

MacArthur and Wilson and by Preston apply to species-energy 

theory, since available energy can easily be substituted for 

area in both models. Doing so results in the followi'ng 

qualitative and quantitative predictions: it should be 

possible to compare islands differing radically in their 

per-unit-area productivity of available energy and area, and 
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among islands of similar isolation, islands with greater 

amounts of available energy should support more species than 

islands with less available energy. More precisely, if 

species-abundance distributions on islands are lognormal and 

of similar form, we expect the approximate relationship 

S = k EZ. If many species-area relationships of island 

groups of similar isolation are examined, the coefficient C 

of the species-area curve should vary with per-unit-area 

productivity according to the relationship C = k rZ • 

Species-area theory continues to be interesting and useful, 

and is contained as a special case within species-energy 

theory. 

Testing speCies-energy theory 

Testing the predictions of speCies-energy theory 

usually involves the problem of measuring available .~nergy. 

The predictions of Eqs. (1.2) and (1.3), in particular, rely 

on this quantity. 

Available energy should be estimated by considering 

what amount of energy production in general on an island is 

available to a given group of species, due to the unique 

requirements and constraints of that group. For example, a 

measurement of energy available to plants might recognize 

solar energy as the ultimate source of plant energy, and 

then also take into account constraints on the usability of 

raw solar energy due to factors such as lack of water or 



nutr i en ts. Energy available to animals consists of the 

production of food items that can be included in the diets 

of the group in question. 
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Ideally, available energy would be measured in units of 

energy per unit time, e.g. joules per year. However, in 

practice, any relative measure of available energy can 

serve, as long as it bears a consistent proportionality to 

available energy for the set of islands examined. The units 

of a relative measure will not necessarily be those of 

energy per unit time. A disadvantage of using a variety of 

relative methods to estimate available energy is that the 

use of different units precludes certain comparisons between 

data sets, such as comparison of iritercept values. 

To test the generality of the equation S = k EZ , I 

have compiled data on the number of species of angiosperms 

and of land and freshwater birds on islands worldwide (Table 

1.1) • All world islands with areas greater than 10 5 km 2 , 

for which data on species numbers of angiosperms or land and 

freshwater birds were available to me, were tabulated; with 

the exception that several islands in the Canadian Arctic 

Archipelago were excluded, in order to avoid over

representation of these high latitude islands in the sample, 

and because many are not well explored. 

For both angiosperms and birds, relative measures of 

available energy were used. For angiosperms, actual 



TABLE 1 • 1 : Islands, island characteristics, and species numbers 
of angiosperms and land and freshwater birds 

Island Location Area Average AETa Average NPPb Total AETc Total NPPd Number of• Number of' 
(IO'km1) (em yc') (kg m-2 · yc') (km.J yr- 1) ( 10" 1 yr-1) ang1osperms birds 

1. Australia .............. :!5°S, 135°E 7705 55 0.6 -l240 4.62 12,000 521) 
2. New Guinea ........... 5°S, 142°E 809 125 2.3 1010 l.H6 1)000 540 
3. Borneo ............... oo. 115°E 751 - 2.0 - 1.50 - 420 
4. Madagascar ........... 200S, 47"E 591 88 1.5 517 0.81) 6000 184 
5. Philippines ll 0 N, 123°E 300 125 - 375 - 7620 -

excluding Pa1awan .... 288 - 2.1 - 0.60 - 325 
6. Japan ................. 37"N, 139°E 359 63 1.1 226 0.31J 3417 216 
7. Sulawesi .............. 2°S, 122°E 179 - 2.1 0.38 - 220 
8. New Zealand .......... 42°S, 173 E 269 63 - 169 - 1725 -
9. Java .................. 7°S, 110oE 12-l - 2.1 0.26 - 337 

10. Cuba ................. 22°N, 79°W 114 125 1.7 143 0.11) 8000 124 
11. Britain ................ 54°N, 2°W 230 50 1.1 115 0.25 1730 172 
12. Hispaniola ............ 19°N, 71°W 76 - 1.7 - 0.13 - 106 
13. Sri Lanka ............. 7°N, 81°E 66 88 1.8 58.1 () 12 3000 235 
14. Taiwan ............... 24°N, 121°E 36 125 - 45.0 - 3265 
15. Tasmania ............. 42°S, 147°E 67 63 - -l2.2 - 1200 
16. Solomon Is. . .......... 7°S, 157°E 30 125 - 37.5 - 1650 
17. Iceland ............... 65°N, 18oW 103 (8511) 38 - 32.3 - 375 
18. Ireland ................ 53°N, 8oW 84 38 1.1 32.0 0.01)2 1200 108 
19. Timor ................ 9°S, 125oE 34 - 2.0 - 0.068 137 
20. Newfoundland ......... 48°N, 56 oW 112 0.6 - 0.067 - 103 
21. Baffin ................ 68°N, 73oW 476 (453) 7 0.1 31.7 0.045 2ol 40 
22. Sakhalin .............. 50°N, 142°E 78 38 - 29.6 - 1166 
23. Greenland ............. 73°N, 40°W 2176 (384) 7 - 26.9 - 400 
24. Vancouver ............ 49°N, 126oW 32 - 1.2 - 0.038 - 124 
25. Flores ................ 9°S, 121°E 17 2.1 - o.o3o - 1~3 

26. New Caledonia ........ 200S, ln5°E 19 lllO 18 19.0 0.034 2ooo 68 
27. FiJi ................... I 7°S, 178°E 18 100 1.8 18.0 0.032 1250 61 
28. Palawan ............... l0°N, 1l8°E 12 - 2.1 - 0.025 - 131 
29. Sumba ................ IOOS, 120°E 11 - 2.0 - 0.022 103 
30. Victoria ............... 71°N, l10°W 212 7 0.1 14.8 0.021 222 43 
31. Jamaica ............... 18°N, 77°W 12 100 1.7 12.0 0.020 2888 99 
32. Ellesmere ............. 80°N, 80°W 196 (108) 0.1 - 0.011 - 22 
33. Banks ................ 73°N, 120°W 64 - 0.1 - 0.0064 - 34 
34. Falkland Is. . .......... 52°S, 59oW 16 32 0.4 5.1 0.0004 170 33 
35. Novaya Zemlya ........ 74°N, 56°E 83 (o2) 7 - 4.3 :wo -
36. Spitsbergen ............ 78°N, 20°E 61 (25) 7 0.1 1.7 0.0025 137 9 

a. Average actual evapotranspiration, in em of water per year. Estimated from Lieth ( 11)75) for ice-free areas. 
b. Average net primary productivity, in kg of dry matter per m1 per year. Estimated from Lieth ( 1975) for ice-free areas. 
c. Obtained by multiplying average Aet by the area of the island free from permanent ice cover. 
d. Obtained by multiplying average NPP by the area of the island free from permanent ice cover. 
e. From Good (1974), except 5 (Merrill 1926), 6 (Numata 1974), 21 and 30 (Porsild 1957), and 31 (Adams 1972). 
f. From Pizzey (1980), Rand and Gilliard (1967), Delacour and Mayr (1946), Moreau (1966), Anon. (1975), Preston (1962), 

Parslow (11)73}, Godfrey (1966), Mayr (1945), Woods (1975), and Levenskiold (1963). ....... 
g. In parentheses is area free from permanent ice cover. From Encyclopredia Brittanica or estimated from maps. CXl 
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evapotranspiration (AET) was employed to produce a measure 

of energy available to plants. Despite its name, AET does 

not involve actual measurements of evaporation or 

transpiration rates, but is calculated from climatic data 

for any particular site. AET estimates total incident solar 

energy by mean monthly temperatures above OOC, and corrects 

for the amount of this energy which is unavailable to plants 

due to lack of water by taking into account monthly mean 

precipitation and standardized estimates of evaporation, 

transpiration, and soil water storage (Major 1963, 

Rosenzweig 1968). Its utility is demonstrated by the 

observation that AET is the best known single predictor of 

global patterns of terrestrial primary productivity (Lieth 

1975a). 

To estimate available energy for angiosperms, total AET 

(TAET) for an island was calculated by multiplying the 

annual rate of AET, averaged over the whole island, by the 

area of the island. Annual AET rates, in cm H20 yr-1 , were 

obtained from a global map of AET developed by E. Box (Lieth 

1975a). TAET, in km3 H20 yr-1 , is plotted with angiosperm 

species number on logarithmic coordinates in Figure 1.3. 

The resulting relationship is fit by the curve S = 

123 TAETO~62 , explaining 70 % of the variation in the 

logarithm of angiosperm species number. Island area does 

not explain a significant proportion of the variance (S = 

475 AO~26, A in 10 3 km 2 , l' = 0.26, P> 0.05), and the fit 



obtained using log TAET is significantly better (test for 

equality of correlation coefficients, t = 2.88, P < 0.005 

two-tailed; Sokal and Rohlf 1969 p. 521). 
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For land and freshwater birds, total net primary 

production (TNPP) was used as a relative measure of 

available energy. TNPP was estimated by multiplying the 

average per-unit-area net primary productivity on the 

island, in kg dry matter m-2 yr-1 (Lieth 1975a), by the areG'. 

of the island. Regressing log S on log TNPP yields the 

relation S = 358 TNPpOo47 , TNPP in 10 9 t dry matter yr-1 , 

explaining 80 % of the variation in log S (Figure 1.4). 

The species-area regression is significant in this case (S 

32.8 AO.27, 1" = 0.44, P < 0.05), but area again explains 

significantly less of the variance in species number (t = 

3.35, P < 0.001). 

In both plots, islands at high latitudes, which are 

typified by low per-unit-area rates of AET and net primary 

productivity, still tend to have lower species numbers than 

islands with the same TAET or TNPP but with higher per-unit

area rates. There are many possible interpretations of this 

result: 

1) It may be that TAET and TNPP are not consistently 

proportional to available energy, but overestimate it 

for low per-unit-area productivity habitats. 
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Number of angiosperm species (S) on 24 islands worldwide, 
plotted against the total actual evapotranspiration (total 
AET) from the island annually. Numbers in the plot refer to 
islands listed in Table 1 .1. 
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FIGURE 1.4 -Species-energy curve for birds 

Number of breeding land and freshwater bird species (S) on 
28 islands worldwide, plotted against the total net primary 
production on the island annually, in billions of metric 
tons of dry matter. Numbers in the plot refer to islands 
listed in Table 1 .1. 
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2) The number of individuals supported per unit of 

available energy, jO , may not be constant, but may 

decrease with decreasing r. This might be the case 

if. for example, organisms must channel additional 

energy to maintenance in low productivity environments 

(Connell and Orias 1964, Margalef 1968 p. 21). 

3) Species-abundance distributions may differ in form 

in areas with different r. For example. if the 

standard deviation of lognormal species-abundance 

distributions increases in low per-unit-area 

productivity environments (Preston 1980). then z 

values for these environments will tend to be lower 

(May 1975 eq. A16. Schoener 1976, Martin 1981). This 

will result in the failure of sp~cies-area curves to 

coalesce in a species-energy plot, with the species

energy curves of low-r islands falling below those of 

high-r islands. Large standard deviations of the 

species-abundance distribution are typical of 

communities dominated by a few species. 

4) It might be that the low species richness of the 

source pools for high latitude islands depresses their 

equilibrium species number. If this is the case. we 

would expect the depression to be more marked on larger 

islands. 

All of these possibilities are quite amenable to empirical 
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test, and suggest the existence of interesting geographic 

patterns in resource utilization and species-abundance 

distributions. In any case, it should be noted that the 

combined tendency of low per-unit-area productivity islands 

to fall below and to the left of high productivity islands 

in Figures. 1.3 and 1.4 probably has artificially increased 

the estimates of z. 

In both examples of this section, a relative rather 

than a direct measure of available energy was used, and this 

will often necessarily be the case in tests of species

energy theory. However, it is also possible to identify 

situations in which direct measurements of available energy 

could be made. Freshwater ecosystems seem most promising; 

for instance, species number of zooplankton could be 

compared with available energy in lakes and ponds by 

converting estimates of total net primary production to 

units of energy per time. Such a comparison would be 

especially relevant to species-energy theory if variation in 

per-unit-area productivity among the lakes and ponds were 

large, due to factors such as ollgotrophy, eutrophy, or 

elevation. In terrestrial systems, total net primary 

production, again converted to energy per unit time, may 

provide a first order estimate of available energy for 

herbivorous insects. Energy available to web building 

spiders or bats could perhaps be measured using insect 

light-trap data. In the next two chapters, I investigate 



24 

patterns of structure and diversity in a community of bees, 

where available energy can be measured as total nectar and 

pollen production. 

The attempts to apply species-energy theory that I have 

presented in this section have shown that available energy 

can be used to explain variation in species number when 

islands with widely different physical environments are 

compared. In addition, the specific quantitative prediction 

that the species-energy curves of different sets of islands 

should fallon a Single line has apparently been falsified. 

This falsification has suggested some interesting questions, 

investigation of which could potentially lead to a 

refinement of the theory, and to a greater understanding of 

general patterns of diversity. 

Discussion 

Species occurrence and abundance 

The concepts embodied in species-energy theory and 

equilibrium biogeography can potentially be used not only to 

predict patterns of species number but also to address in 

detail the abundances of individual species on islands and 

their probabilities of being present or absent. To do so 

naturally requires more detailed information about 

individual species and islands than is necessary merely to 

predict a rough species number. Predicting species 
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abundances and probabilities of occurrence will require, at 

least. knowledge about individual species' resource 

requirements and about the production of different resource 

types on islands. 

Detailed information about the total production on an 

island of resources available to a particular species; which" 

would ideally include some consideration of how much was 

unavailable due to physical environmental conditions, 

competitors, and predators; and about the resource 

requirements of individuals of the species, would allow an 

estimation of the species' abundance if present. To 

oversimplify: a species should be abundant if it has 

abundant available resources on an island. 

Because of the assumed relationship between population 

size and extinction rate, the abundance that a species can 

maintain should affect the probability that it will occur on 

an island. Simberloff (1969) pointed out that the probability 

that a species), occurs on an island is a function of its 

immigration rate, Ai ' and its extinction rate when present 

on the island, jUl' 

p (1.11). 

I have indicated that Ai is a function of the distance, d , 

of the island from sources of immigrants, while )Ai is a 
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function of the population size, n , that ~ can maintain on 

the island. For any particular species the forms of Ai(d) 

and JUL(n) would have to be measured to obtain explicit 

probabilities of occurrencei- however, qualitative 

predictions about relative probabilities of occurrence can 

easily be made by comparing the magnitudes of the ratio 

for different species (Wright 1981). 

In essence, species-energy considerations lead to the 

expectation that a species with abundant resources on an 

island should be both more abundant on the island if it does 

occur and, consequently, more likely to occur than an 

equally dispersive species with few resources. 

Patterns in species diversity 

These notions about the occurrence and abundance of 

species, in conjunction with the equilibrium and species-

energy curve models of species-energy theory, provide a 

framework that unifies a broad set of observations of 

patterns in species diversity. None of these observations 

are new, and some of the patterns are so intuitive that 

there seems little need for a theoretical explanation. The 

virture of the theory in such instances lies in its ability 

to interrelate previously unconnected observations, and to 

point out new areas of interest and new avenues of approach. 

I will briefly list some of the observations of diversity 



patterns for which species-energy theory may provide an 

explanation. 
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The diversity of trophic levels. Due to the 

progressive diminution of available energy at higher trophic 

levels, species-energy theory predicts that lower trophic 

levels should be more diverse; for example, on any given 

island there should be more herbivores than carnivores. An 

examination of Table 1.1 shows that birds are always less 

diverse than angiosperms on any island. This is consistent 

with species-energy theory, since all birds are at least one 

trophic level above angiosperms. Such ideas date as far 

back as Elton's early discussion of the pyramid of numbers 

(Elton 1927). This prediction is not exact, but interacts 

with the factors discussed below. 

Metabolic reqUirements and diversity. Other things 

being equal, species with greater metabolic requirements 

should in general be less diverse, less abundant, and occur 

less frequently than species with lower requirements. 

Because total metabolic rate scales approximately as body 

mass to the power of 0.75 for organisms ranging from 

homeothermic and poikilothermic vertebrates to trees and 

bacteria (Schmidt-Nielsen 1979 p. 186), species-energy 

theory may serve as a partial explanation for the observed 

size-diversity relationship (Van Valen 1973, May 1978); that 
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is, why small organisms are roughly 100 times as diverse as 

similar organisms 10 times their length. Assuming no bias 

in the amount of energy available to organisms of different 

sizes in a habitat, the environment would supply 100~75 as 

many individual-equivalents of energy to organisms weighing 

1 g as to those weighing 10 g, implying a species-supporting 

capacity (100~75)z times as great for the smaller 

organisms. Species of large body size are often among the 

first to be extirpated from newly formed islands or habitat 

areas reduced in size (Brown 1971, Willis 1974, Terborgh and 

Win ter 1980, Wr ight 1981). 

It is tempting to use this argument to compare 

homeothermic and poikilothermic vertebrates; however, these 

groups differ greatly and with systematic biases in other 

important respects, such as the resources available to them, 

their susceptibility to predation, their response to 

climatic conditions, and their potential for immigration, so 

that such comparisons will be difficult to interpret (but 

see Wilcox 1980, Wright 1981). 

The effect of body size on diversity patterns is likely 

to interact with the effect of trophic level. Lindemann 

(1942) suggested that the relative sizes of producers and 

consumers would be of profound importance in understanding 

ecosystems. In marine ecosystems, the producers are small 

and primary consumers typically somewhat larger, whereas in 

terrestrial systems producers are much larger, and primary 
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consumers may be considerably smaller than the organisms 

they consume. This may in part account for the diversity of 

herbivorous insects being greater than the diversity of 

their plant hosts. Insect parasitoids also constitute an 

interesting case. 

Rarity and patchy distribution. Eq. (1.4) implies that 

rare species (species which have low abundance when they 

occur). because they are more prone to extinction events. 

should occur less frequently than more abundant species on a 

large set of islands. Table 1.2 demonstrates this 

relationship for crustaceans in lakes in northwestern 

Ontario; Diamond (1980) suggests that this is also 

qualitatively the case for New Guinea birds. Species may be 

rare for a great variety of ecological reasons. such as 

susceptibility to predators. competitors. or environmental 

conditions. or rarity of requisite resources on the island. 

Several authors have previously suggested a relationship 

between extreme resource specialization and species 

extinction rates (Connell and arias 1964. Brown 1971. 1978. 

Willis 1974. Terborgh and Winter 1980). 

Seasonal variation .!1!. diversity. As would be expected 

under species-energy theory. sea50nal trends in diversity 

mirror seasonal trends in energy availability (Connell and 

arias 1964. Shapiro 1975). This pattern is especially 
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TABLE 1.2: Rarity and patchy distribution of zooplankton. 
Average" population density. when present, and frequency of 
occurrence of crustacean zooplankters in 34 lakes in north
western Ontario (from Patalas 1971; 1968 sample data). 
Spearman rank correlation between abundance and proportion 
of lakes in which the species is present: rs = 0.53. 
n = 26, P < 0.005 one-tailed. 

Average 
population Proportion of 

Species density (cm-2 ) lakes present 
--------------------------- -------------- -------------

1 • Cyclops bicuspidatus 17.1 7 0.59 
2~ Diaptomus minutus . 9; 61 0;68 
3. Diaptomus sici1is 5;79 0~12 
4; Orthocyclops modestus 4~56 0; 12 
5. Diaptomus oregonensis 2~86 0.26 

6. Mesocyclops edax 2.43 0.71 
7. Tropocyc1ops prasinus 2~38 0~76 
8; Diaptomus leptopus 2;02 0; 15 
9. Daphnia retrocurva 1 ;84 0~26 

1 0 ~ Cyclops vernalis 1 ; 8 3 0;24 

11- Bosmina longirostris 1 .73 0.88 
1 2 ~ Diaphanosoma L54 0;47 

leuchtenbergianum 
1 3. Daphnia catawba 1. 43 0.15 
1 4 ; Daphnia galeata L37 0.35 
1 5 ~ Chydorus sphaericus 1 ; 21 0; 18 

16. Diaphanosoma brachyurum 1. 1 6 0.38 
1 7 ~ Holopedium gibberum 0;86 0;68 
1 8. Daphnia longiremis 0 .. 60 0~06 
19; Epischura lacustris 0;36 0;47 
20. Ceriodaphnia lacustris 0.24 0~15 

21 • Sene cella ca1anoides 0.23 0.06 
22. Daphnia schoedleri 0~19 0~03 
23; Limnocalanus macrurus 0;09 0;09 
2lj. Ceriodaphnia pu1chella 0~07 0.03 
25~ Leptodora kindtl1 0;02 0;21 

26. Streb10cerus serricaudatus 0.004 0.03 
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marked in the temperate zones, where many birds emigrate, 

and many mammals, reptiles, amphibians, insects, and plants 

enter periods of dormancy. 

Latitudinal diversity gradients. Species-energy theory 

would predict latitudinal gradients in diversity if lower 

latitudes were also characterized by greater total available 

energy. As mentioned above, a rough correlation exists 

between latitude and measures of per-unit-area productivity, 

such as AET and net primary productivity. Terborgh (1973) 

has argued that the area of low latitude habitats is also 

much greater than that of high latitude habitats, but this 

is less than clear for regions such as Central America and 

northern tundra and taiga. Quantitative estimates of 

habitat areas and productivities are needed to address this 

question. 

General theories of diversity 

Finally, a comment on the applicability of species-

energy theory is in order. As presented here, species-

energy theory assumes that population sizes of species in 

insular habitats are affected by the total amount of 

dN/ 
available energy production (i:e:, /dE = P' P > 0). 

In some cases this may not be true; for example, fishes on 

coral reefs or seabirds on high latitude islands might be so 

severely limited by the availability of hiding holes or 

nesting sites that available energy has no effect on the 
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number of individuals in the community. A simple 

experimental test of this assumption would be to see whether 

the number of individuals in the community changed in 

response to an increased or decreased food supply. 

Overall, however, it is clear that species-energy 

theory lacks universal applicability, in that energy need 

not necessarily affect population sizes. While it might be 

possible in any particular instance to identify the most 

important non-energetic factors affecting a community's 

population sizes, and so its species number, these factors 

will vary from place to place and with the taxa being 

studied; thus such an approach lacks the generality of 

species-energy theory in explaining geographic patterns in 

species diversity. Ideally, we seek a general, "species -

limiting factors" theory; that can both account for a 

variety of factors, potentially including energy, that 

affect population sizes, and apply across taxonomic and 

geographic distances. Species-energy theory is only a step 

in this direction. 



CHAPTER 2 

AVAILABLE NECTAR AND BUMBLEBEE FORAGING PROFITABI~ITY 

Summary 

Available nectar and foraging profitability for 

individuals and colonies of Bombus appositus were measured 

during July and August of 1982 near Crested Butte, Colorado, 

U.S.A. Available nectar was greatest in July and early in 

the mornings, and declined both seasonally and diurnally. 

Over the same period, durations of ~ appositus foraging 

trips increased seasonally and diurnally, resulting in lower 

individual foraging profits. Colony profits increased with 

increasing colony size, but profits per worker decreased 

later in the study period, due to lower individual forager 

profits. Because of the importance of nectar supplies in 

bumblebee colony maintenance, growth, and reproduct~on, 

these results imply that nectar availability can affect B. 

appositus population sizes both within and between ~easons, 

and support the hypothesis of resource limitation iq this 

species. If floral resource availability also affeqts 

populations of other bumblebees and solitary bees, ~s I 

argue it does, this implies a strong influence of eqergy 

supply on the structure of the subalpine bee commun~ty. 
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Introduction 

Subalpine meadows in the Colorado Rocky Mountains 

support a diverse community of flowers and bees 

(Hymenoptera: superfamily Apoidea) that pollinate them. Of 

the bee community, bumblebees (Bombus and Psithyrus, family 

Apidae) are among the dominant species, in terms of numbers, 

biomass, flower visits, resources used, and, probably, 

pollination. 

In certain seasons these meadows are almost literally 

covered with a profusion of blossoms, and so despite 

considerable bumblebee activity one is sometimes led to 

wonder whether, in the midst of such apparent plenty, 

bumblebees are having any difficulty making their living. 

This is, in fact, a major question in bumblebee 

ecology, since several hypotheses concerning niche 

segregation and coevolution of bumblebee species with each 

other and with their plants rely on mechanisms involving 

intra- or inter-specific competition for floral resources 

(Heinrich 1976b; Inouye 1976, 1978; Pyke 1978a, 1982a; 

Lundberg and Ranta 1980; Pleasants 1980, 1981; Ranta and 

Lundberg 1980; Hanski 1982). In addition; since population 

size is one of the most fundamental ecological attributes of 

a species, and is a key element of community structure; the 

question of whether or not bumblebee populations are 

resource-limited also has a strong bearing on the 



importance of energy-related factors in structuring the 

subalpine bee community. 
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During the summer of 1982 I measured the availability 

of nectar and pollen and the profitability of foraging for 

Bombus appositus, a large and long-tongued bumblebee common 

in Colorado, in order to determine whether ~eBource 

availability was a significant factor in the ecology of this 

species, and how its importance varied over time. Based on 

patterns and frequency of pollen and nectar collection, 

nectar appeared to constitute the most important resource 

for B. appositus during the summer of 1982. Just as Macior 

(1974) found in his study of bumblebee species in Colorado, 

workers of ~ appositus appeared to be foraging primarily 

for nectar and only collecting pollen incidentally (see also 

Heinrich 1976b). Therefore I have restricted my analysis in 

this chapter to data on nectar availability and collection 

by !!..!. appositus. 

I show that ~ appositus foraging profits during the 

summer of 1982 were positively associated with nectar 

availability, supporting the hypothesis of resource 

limitation in this species. I also consider how nectar and 

pollen foraging profits can affect bumblebee and solitary 

bee population sizes, and relate these results to bee 

communi ty structure. 
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Materials and Methods 

Study sites 

Field work was carried out during July and August of 

1982 at the Rocky Mountain Biological Laboratory, 13 km 

north of Crested Butte, Colorado, U.S.A. Much of the area, 

which is at an elevation of about 2850 m, is covered by 

broad meadows interspersed with patches of aspen or spruce

fir forest. A rich natural community of solitary and social 

bees, including 4 common species of bumblebees, visits the 

diverse flowers in these meadows (Inouye 1976, Pyke 1982a). 

The honeybee, ~ mellifera, normally does not occur at 

this elevation, and none were seen in 1982. Study sites 

were established in three meadow areas about 1 km apart 

which were broadly similar in their floristic composition; 

results from different meadows have been combined In this 

analysis. 

Nectar availability 

In order to quantify the availability of nectar to 

bumblebees, I measured the density of all flower species 

potentially visited by bumblebees, and, where possible, the 

standing crops of nectar these flowers contained. Flower 

density surveys were conducted at all 3 sites on different 

dates throughout the study period; nectar standing crops 



were measured on several dates and at different times of 

day. 
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Flower densities were measured by counting the number 

of flowers or inflorescences of each species in 209-293 1 m2 

quadrats within a 2 ha area in each meadow. The central 

point of each survey was located near a bumblebee colony 

under observation, thus providing a representative sample of 

the flowers available in the vicinity of the colony. 

In order to convert inflorescence densities to flower 

densities, the number of flowers on randomly selected 

inflorescences was counted for a sample of each nectar-

producing species (except composites). These counts were 

made in each meadow on two different dates, early and late 

in the study period. 

Nectar standing crops were measured by withdrawing the 

nectar in a flower with a 10 pI microcapi\lary tube. 

Florets of composites were too small to admit a tube, so 

nectar standing crops of composites were not measured. B. 

appositus, however, prefers flowers with long corollas, and 

was very rarely seen visiting composites. The nectar 

standing crop measurements accurately reflect the nectar 

sources used by ~ appositus. 

Observation colonies 

Twenty bumblebee colony boxes (Hobbs 1966, Inouye 1976) 

were set out in two meadows in the latter half of June; 5 of 
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these were successfully colonized by Bombus queens. 

Ordinarily such boxes are mostly occupied by queens of B. 

appositus in the area of the Rocky Mountain Biological 

Laboratory (D. W. Inouye, personal communication), and this 

was the case in 1982. On 22 July each colony was placed in 

one of the 3 study meadows, and was fitted with a clear 

plastic entrance tube about 4 cm long to facilitate the 

observation of departing and returning bees. A strip of 

masking tape was placed on the floor of this tube to provide 

the bees with a rough surface on which to walk. 

Most individuals in the observation colonies were 

marked soon after their emergence, either during nighttime 

colony censuses (22 July, 3, 14, and 21 Aug) or during 

daytime foraging observations. Individual bees were marked 

on the thorax with colored toluene-based correction fluid 

and a fine-tip waterproof marker. Virtually all of these 

marks remained legible for the duration of the bees' lives. 

Workers were usually lightly anesthetized with ethyl 

acetate before marking. Anesthetization was adequate after 

10 to 15 seconds, when the bee stopped buzzing its wings, 

but could still walk. Recovery appeared complete in 30-90 

minutes, and anesthetization seems to have no effect on the 

memory of the bees (Plath 1924, Heinrich 1976a; personal 

observation). It should be noted that workers will some

times attack and sting an anesthetized and marked bee if it 
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is placed in or just outside the colony shortly after 

marking, presumably due to the smell of the anesthetic or 

the mark, or due to lack of appropriate behavior. Queens 

and some workers were not anesthetized, but were removed 

from their colonies at night, when ambient temperatures were 

commonly 5-10 0 C, and were placed in small vials until they 

were cold enough to be handled without difficulty. 

At the end of the study period, the colony combs were 

collected and dissected. The diameter of each cell was 

measured to the nearest 0.1 mm to determine the number and 

caste of adults produced. Sizes of queen, worker, and male 

cells were confirmed in a few instances by the presence of 

pre-emergent adults of identifiable caste inside unopened 

cocoons. The comb of Colony 3 was wet and partially 

decomposed, and so quantitative measurements could not be 

obtained for this colony; however, cells were counted and 

scored as "worker or male" or "queen," based on a visual 

estimate of relative size. Workers found inside the 

colonies on the night of collection were dissected to remove 

their honeystomachs, and their wet weights without the 

honeystomach were recorded to the nearest mg. 

Foraging profitability 

Profit from foraging was estimated on both an 

individual forager and on a colony basis. In order to 

estimate foraging profitability for individual bumblebees, I 



measured the durations of foraging trips and the sizes of 

nectar loads brought back by foragers. Colony profits were 

estimated as the sum of individual profits. 

To measure trip durations, I sat on the ground near a 

colony entrance, recording departure and return times for 

each individual bee. My presence disturbed the foraging 

workers very little, and bees would normally enter and leave 

the colony without hesitation. B. appositus is a fairly 

mild-mannered bumblebee with small colonies, and such an 

observational technique might not be practical with a more 

aggressive species. 

Nectar loads were measured by capturing foraging 

bumblebees either departing from or returning to 3 colonies 

in one of the meadows, and carrying them to a nearby 

laboratory for weighing. After removing any pollen carried 

in the corbicu1ae, the bee in a tared vial was weighed to 

the nearest mg on a electronic top-loading balance. The bee 

was then carried back to the vicinity of its colony and 

released. Net nectar loads were computed as: 

(returning weight) - (average of all departure weights) 

for a particular bee. For foragers which were collected and 

dissected at the end of the study period, gross nectar loads 

were computed as: 

(returning weight) - (dissected weight). 



Because of the lack of observations of foraging trips 

with departure times between the hours of 1200 and 1400, 

morning and afternoon data on foraging trip durations and 

nectar loads were analyzed separately. 

Results 

Nectar availability 
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Over the study period, the flower species most heavily 

used by ~ appositus; Aconitum columbianum, Delphinium 

barbeyi, and Vicia americana; showed substantial declines in 

density (78, 71~ and 78 % decreases in mean density, 

respectively; Table 2.1). Overall, species with long 

corollas generally decreased in denSity, while composites, 

which were rarely visited by ~ appositus workers, generally 

increased (two-tailed Fisher Exact tests for equality of 

proportions of species decreasing/increasing in density: 

long corolla [>6 mmJ vs. short corolla [<6 mmJ, p 0: 0.006, n 

= 24 species; composites vs. non-composites, P 0: 0.01, n = 

28 species). 

Nectar standing crops also declined, both seasonally 

and diurnally (Figure 2.1). An analysiS of covariance 

performed on the log{ x+ 1) transfor'med s tanding crop data, 

for the 5 flower species with adequate sample sizes, showed 

the effects of season and time of day to be highly 

significant, and further indicated the existence of a 

significant interaction between the two (Table 2.2). The 
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TABLE 2.1: 1982 Flower density changes and utilization by 
BombuB a:PPO$ 1 tUB. Mean flower dens it ies over all 3 sites 
(n = 716), for dates early (28 Jul - 3 Aug) and late (14 - 19 
Aug) in the s~udy period; and cerolla tube lengths (mean of 
measurements given in Inouye [1976J and Pleasants [1980J, or 
personal observation). Densities of composites are in heads 
per m2 , unless otherwise noted. 

Density(m- 2 ) Corolla 
Len gt h 

Heavily visited Early Late Change (mm) 
--------------------- ----- ------ ------
Delphinium barbeyi ( Ra) 6.98 2.05 - 4.93 16.9 
Aconitum columbianum (Ra) 3~07 0;68 - 2~39 8~4 
Vicia americana (L) 1 ~ 1 0 0~24 ;86 1 3 ~ 1 
Pedicularis grayi (S) 0;23 '0 ~23 15~0 
Gentiana spp. ( G) '0 0.02 + ;02 (>6) 

Some visitation 
---------------------
Castilleja sulphurea (S) 2.29 1 .60 .69 1 3 • 1 
Helianthella 0;38 0;03 .35. 6;4 

quinquenervis ( C) 
Lathyrus leucanthus (L) 0.02 0 .02 9.6 
Sid.alcea candida ( M) '0 0.01 + .01 
Epilobium angustifolium (0) 0 0;45 + ;45 «6) 

Visited by males only 
---------------------
Cirsium sp. ( C) 0.00 0.01 + • 01 6.2 
Helenium hoopesii ( C) 0~02 0~04 + ~02 5~5 
Wyethia amplexicaulis ( C) 0;05 0;39 + ;34 9;9 
Senecio bigelovii ( C) 0.-10 0;49 + ;39 5;2 



TABLE 2.1, continued 

Dens1ty(m- 2 ) 
Not visited or rare: 
Nectar-producing species 

Mertensia ciliata (B) 
Hydrophyllum sp.a (H) 
Aquilegia caerula (Ra) 
Castilleja sp.a (S) 
Eriogonum spp~a (P) 

Taraxacum officinale & 
Agoseris glauca (C) 

Unknown composite (C) 
Solidago mult1radiatab (C) 
Orthocarpus luteus a (S) 
Trifolium sp.a (L) 

Campanula rotundifolia (Ca) 
Achillea lanulosab (C) 
Viguiera multiflora (C) 
Erigeron spp.c (C) 

Not visited or rare: 
Pollen-produc1ng species 

Potentilla spp.d (R) 
Lup inus spp. (1:..) 
Potentilla fruticosa (R) 
Descurainia 

r1chardsonii b (Cr) 

Early 

0.88 
0;02 
0;01 
0;01 
0;05 

0.01 
'0 

0.05 
'0 

0.10 

0.07 
0;26 
0;13 
1 ; 60 

11 .55 
0;37 
0;31 
0; 1 1 

Late 

0.02 
'0 

0.00 
'0 

0.04 

0.01 
0;02 
0;08 
0;05 
0;15 

0.17 
0;43 
2;05 
4;50 

2.68 
0;02 
0;07 
0;09 

Families: B - Boraginaceae, C - Compositae, 

Change 

.86 
;02 
; 01 
.01 
;01 

+ .00 
+ ; 02 
+ ;03 
+ ; 05 
+ ;05 

+ .10 
+ ; 1 6 
+ 1; 92 
+ 2;91 

- 8.87 
;35 
;24 
;02 
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Corolla 
Length 

(mm) 

9.9 

(>6) 
(>6) 
( <6) 

4.3 

«6) 
(>6) 
(>6) 

( < 6 ) 
3.2 
3~0 

Ca - Campanulaceae, Cr - Cruciferae, G - Gentianaceae, 
H - Hydrophyllaceae, L - Leguminosae, M - Malvaceae, 
o - Onagraceae, P ~ Polygonaceae, R - Rosaceae, 
Ra - Ranunculaceae, S - Scrophulariaceae. 

a 
b 

c 
d 

density of inflorescences 
density of flowering stalks 
mostly ~ spec10sus 
herbaceous species, mostly ~ gracilis 



interaction term shows that nectar levels decreased more 

rapidly in the morning as the season progressed (Figure 

2.2), presumably due to the higher densities of foraging 

bumblebees (D.H. Wright, unpublished data). 
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To provide an overall picture of nectar availability to 

B. appositus, measurements of flower densities and nectar 

standing crops were combined to calculate total available 

nectar at different times of day during dates early and late 

in the study period (Table 2.3). Total available nectar, in 

pI ha-1, declined both seasonally and diurnally. 

Foraging profitability 

No significant patterns of change in nectar load sizes 

were found. Data were obtained on the size of 15 net and 27 

gross nectar loads carried by ~ appositus workers (Appendix 

A). Expressed in mg or as a percentage of body weight, 

these data showed no significant trend with date, and 

morning loads showed no significant correlation with time of 

day of departure. Too few afternoon loads were measured to 

permit analysis (n .. 2). 

Foraging trip durations of B. appositus (Appendix B) 

showed marked patterns of seasonal and diurnal change. Trip 

durations increased as the season progressed (Figure 2.3), 

and showed some tendency to increase during the morning, 

peak around midday, and decline during the afternoon (Figure 

2.4). Analyses of covariance were performed on the log-
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Left and right: nectar standing crops in six common species 
of f 1 ower s at different t i me s of day for dates ear 1 y ( 2 7 J u 1 
- 4 Aug, solid 1 ines) and late (1 9-20 Aug, dashed 1 ines) in 
the study period. Means and 95 % confidence intervals of 
log (x + 1) transformed data shown. Flower species names and 
relative importance to Bombus appositus are given in Table 
2 • 1 • 
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FIGURE 2.2 - Curves fitted to nectar standing crop data 

Least-squares estimated curves for nectar standing crops 
versus time and date, from analysis of covariance (Table 
2.2). The regress ions shown are for an "average" flower 
species on two different dates, early and late in the study 
period. This model explains about 25 % of the variance in 
nectar standing crops. 
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TABLE 2.2: Analysis of covariance of nectar standing crops 

Mode 1: 

log(Y;'j + 1) =)/' + FA, + (31 D + /.3;1. T + /33 DT + 

Yif = nectar standing crop (ul) 
F~ = flower species factor 
T = time of day 

Factor(F) or 
Step covariate(C) entered df 

--------------------
1 Flowerspecies (F)* 4 
2 Date ( C) 1 
3 Time ( C) 1 
4 DxT interaction ( C) 1 
5 Residual 600 

--------------------
Total 607 

* Forced to enter first 

.,.-(.< = mean 
D date 
€~j = residual error 

Sequential 
SS change F P 
------- ----- ------

1.5446 14.32 <0.001 
2;568'( 95'.27 <0~001 

1 .2925 47~94 <0.001 
0;1356 5;02 0~025 
16~1742 
-------
21.7156 



TABLE 2.3: Total available nectar. Available nectar was 
computed as the product of flower density, averaged over 
sites and dates. and average nectar standing crop. 

Nectar (pI ha- 1 ) 
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27 Jul - li Aug 1li Aug - 20 Aug 

Flower 
species 

Aconitum 
columbianum 

Delphinium 
barbeyi 

Vicia 
americana 

Castilleja 
sulphurea 

Epilobium 
angust i folium 

Mertensia 
ciliata 

other a 

TOTAL 

Time of day 
0800 1000 1500 

------- ------ ------
liO.ooo 23.000 13.200 

111.900 36,liOO 8200 

12.900 7800 9900 

10.liOO li350 o 

- not blooming -

17.200 2650 li580 

5290 1li20 1li20 
------r-
197.690 75.620 37.300 

------------------
Time of day 

0800 0900 0930 

167 

o 

liOOO 

2030 

878 

1 1 

35li 

7liliO 

o o 

5li9 1100 

98 12 

3li5 o 

o 2li 

52 

552 35li 

1575 b 15li2 

a 

b 

Sum of values for Aquilegia caerula, Gentiana sp •• and 
Pedicularis ,raYi 

Assumes 31 pI ha- for the missing Mertensia ciliata 
value . 
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transformed data to determine the major factors influencing 

trip durations (Table 2.4). For morning foraging trips, the 

effects of date and time were highly significant, with a 

significant quadratic term in time indicating a tendency for 

trip durations to peak later in the morning. Time also had 

a significant but negative effect on afternoon trip 

durations, while date had no effect. Models incorporating 

other terms (e.g., interaction terms) gave no improvement of 

fit for either data set. Figure 2.5 shows the fitted curves 

for morning and afternoon trip durations. 

Although there was a seasonal increase in the size of 

workers making foraging trips ( log w = 0.79 + 0.0068 d, w 

dissected wet weight [honeystoroach removed], d .. number of 

the day of the year, r co 0.51, n .. 138 forager trips, P < 

0.001 two-tailed), the resulting increase in forager load 

capacity did not affect either trip durations or nectar load 

weights. Date explained significantly more of the variation 

in trip duration than did forager weight (test for equality 

of correlation coefficients, t .. 3.24, P .. 0.002 two

tailed); and in multiple regressions, forager weight did not 

explain a significant amount of the residual variation in 

trip duration after colony and date had entered (morning 

trips, n .. 107, F .. 0.23, P EO 0.64; afternoon trips, n .. 30, 

F .. 0.02, p .. 0.90). Nectar load weight was uncorrelated 

with forager weight (Spearman rank correlations: net nectar 
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• 

15 20 

Bombus appositus foraging trip durations (note logarithmic 
scale) plotted against date. Trip duration increases as the 
season progresses (r = 0.57, n = 188, P < 0.0001 two
tailed). Numbers in the plot indicate multiple points 
fa 11 ing in the same place. 
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FIGURE 2.4 - Trip duration versus time of day 

Trip duration plotted against departure time for dates 
early (24 Jul - 6 Aug) and late (12 - 22 Aug) in the study 
period. Means and 95 % confidence intervals of log
transformed data shown. Trip durations tend to increase 
early in the morning, level off about midday, and decline in 
the afternoon. 



TABLE 2.4: Analysis of covariance of trip durations 

Morning trips 

Model: 

log(Yi.j) = P. + C.i + /31 D + /32 T + ;33 T2 + €.cj 

Y;,' = trip duration (min) 
C! = colony factor 
T = time of day 

Factor(F) or 
Step covariate(C) entered 

---~~------~--------
1 Colonies (F)* 
2 Date ( C) 

3 Time: linear ( C) 
4 quadratic ( C) 
5 Residual 

---~----------------
Total 

df 

4 
1 
1 
1 

137 
---
1i14 

p = mean 
D = date 
E~ = residual error 

Sequential 
SS change F 
----~---- -----

3.8686 16.1 2 
2:6609 4i1;37 
1 ;0387 17;32 
0;365i1 '6;09 
8~2139 

--.:.----
16.1i175 

Afternoon trips 

Model: 

log(y" ) = P. + C' + /31 D + /.32 T + E .. 
."1 " "1 

Factor(F) or Sequential 
Step covariate(C) entered df SS change F 

-------------------~ ---------
1 Colonies (F)* 3 0.58319 9.05 
2 Time ( C) 1 0:10711 4;98 
3 Date ( C) 1 0;00228 0: 11 
4 Residual 37 0.-79436 

-------------------- -------
Total 42 1.48694 

* Forced to enter first 
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P 
------
<0.001 
<0;001 
<0:001 
0;015 

P 
------
<0.001 
0:032 
0;746 
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FIGURE 2.5 - Curves fitted to trip duration data 

Least-squares estimated curves for foraging trip duration 
versus departure time and date, from analyses of covariance 
(Table 2.4). The regressions shown are for an "average" 
colony on two dates, early and late in the study period. 
For morning trips, r2 = 0.49; for afternoon trips, r2 = 

0. 4 7. 
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FIGURE 2.6 - Foraging trips per hour versus colony size 

Total number of forager trips per hour as a function of 
colony size (regression equation: y = 1.54 + 0.57 x, r 
0.74, n = 23, P < 0.01 two-tailed). Each point represents a 
colony observation period sufficient to calculate a colony 
foraging rate. The slope of the relationship is signifi
cantly less than 1 (t = -3.87, P < 0.01 two-tailed), indi
cating that colony foraging rate per worker decreased as 
colony size increased. 
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load with forager departure weight, rs = 0.19, n = 15, P > 

0.20; gross nectar load with dissected weight, r s " -0.18, n 

,. 27, P > 0.20; two-tailed tests). Analysis revealed no 

diurnal trends in forager size. 

Forager experience was also examined as a possible 

contributor to variation in trip duration. Neither the 

estimated number of days a worker had been foraging nor the 

estimated total number of foraging trips it had performed 

showed any evidence of relationship to the observed patterns 

of trip duration. Thus the effects of date and time of day 

on ~ appositus trip durations appear to be robust and not 

due to the influence of other potential factors measured. 

Foraging trip profitability, as measured by nectar load 

divided by trip duration. is inversely related to trip 

duration. Since there was no systematic variation in nectar 

load size. changes in ~ appositus foraging trip durations 

caused foraging profitability to decline seasonally and 

during the morning, and to increase during the afternoon; 

i.e., the inverse of Figure 2.5. This result corresponds 

well with the data on nectar availability. which decreased 

seasonally and during the morning. Unfortunately, I have 

only one set of observations of nectar levels during the 

afternoon (1500), taken early in the study period. Nectar 

levels at 1500 at this date were generally lower than at 

0800, but were not different from 1000 measurements (Figure 

2.1) • Trip durations early in the study period were longer 
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at 1500 than at 0900. but 1500 and 1000 durations were more 

similar (Figure 2.4). Thus, although trip durations 

generally declined during the afternoon, my limited data on 

afternoon nectar levels are not inconsistent with the 

hypothesis that lower standing crops of nectar result in 

longer foraging trip durations and smaller foraging profits. 

On the level of whole colonies, absolute profit 

increased with increased colony size, but relative profit 

declined as colonies grew larger over the season. Since 

mean nectar load was invariant, total colony profit was 

proportional to the total number of foraging trips. Figure 

2.6 shows that, while total trips per hour of observation 

increased as colonies increased in size, the number of trips 

relative to the number of workers in the colony decreased. 

This decrease in colony foraging rate per worker could be 

caused by three factors: 

1) The demonstrated increase in individual foraging 

trip durations as nectar availability declined over the 

season. 

2) An increase in the amount of time forage~s spent in 

the nest between foraging trips. However, time in the 

nest showed no systematic variation through the season 

( r '" 0.09, n '" 18!i. P .. 0.22 two-tailed). 

3) A decrease in the proportion of workers foraging in 

larger colonies or later in the study period. In fact 



the reverse is true; proportion of workers foraging 

increased (Spearman rank correlations: with colony 

size, rs = 0.31, P = 0.17; with date, rs = 0.48, P 

0.03; n = 22; tWo-tailed tests). 

Increasing trip durations thus account for the decrease in 

colony profits per worker over the course of the season. 

Furthermore, the observed increase in the proportion of 

workers foraging over the season is consistent with a 

hypothesis of a compensatory response by colonies to 

stressed nectar supplies (Brian 1954, Inouye 1978). 

Discussion 
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The seasonal and morning increases in ~ appositus 

foraging trip durations mirror the seasonal and morning 

decreases in nectar availability. These results agree well 

with data showing that bumblebees foraging on flowers with 

large standing crops of nectar have higher rates of nectar 

intake than foragers on flowers with lower standing crops 

(Chapter 3; Pyke 1980). I do not have adequate data on 

afternoon nectar standing crops to determine if these are 

also responsible for decreasing trip durations in the 

af ternoon. Late afternoon peaks in nectar production and 

standing crops have been found for some plant species in 

other studies (Brown et ale 1981; personal observations on 

Frasera speciosa). 
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A seasonal pattern of decreasing nectar availability 

and decreasing foraging trip profitability (Heinrich 1976b, 

but see Pleasants 1981) is probably quite general for long

tongued, late-emerging bumblebees like ~ appositus, for two 

reasons. First, because of their annual and colonial life 

history, bumblebee densities generally increase over the 

spring and summer to a maximum approximately coinciding with 

the emergence of reproductives (Pleasants 1981, Bowers 1984, 

D.H. Wright, unpublished data), thus resulting in increasing 

demand for resources over this period. Second. there seems 

to be a tendency for flower species with long corollas, 

which are preferred by long-tongued bumblebees and may 

provide a refuge from competition with shorter-tongued 

species (Heinrich 1976b. Inouye 1980. Ranta and Lundberg 

1980), to bloom earlier in the season in north temperate 

habitats, and to be succeeded by flowers with shorter 

cor 0 lIas. e s p e cia 11 y compos i t e s ( data i n He in ric h 1 976 c. 

Pleasants 1980. and this study). 

A decline in foraging profitability over the course of 

a morning is probably common among bumblebees, as large 

standing crops of nectar accumulated overnight are depleted 

by foragers (Whitham 1977. Schaffer et ale 1979. Brown et 

ale 1981; and this study). Nectar availability and other 

factors affecting foraging profitability during the 

afternoon need further investigation. 
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Decreasing nectar availability over the 1982 season 

also reduced B. appositus relative foraging ~rofits on the 

colony level. Due to the importance of nectar for colony 

maintenance, brood rearing, and provisioning new queens for 

hibernation, it seems likely that nectar availability 

affects ~ appositus population sizes. I briefly discuss 

these arguments below: 

1) Colony maintenance - Nectar is consumed by the 

queen, and, as the primary food of adult workers, is 

important to their survival (Heinrich 1979a). 

Bumblebees regulate the temperature of their nest, 

resulting in faster development of the brood, and this 

activity is fueled using nectar supplies (Heinrich 

1974, 1979a, Alford 1975). 

2) Brood rearing and colony size - Nectar mixed wi.th 

pollei is fed to larval bumblebees by the workers, and 

in some species the amount that female larvae are fed 

determines whether they will become queens or workers 

(Plowright and Jay 1977). Increased brood survival, 

and faster development rates due to nest thermo

regulation, lead to faster growth of the colony. 

Colony size, in turn, affects the number of repro

ductlves that the colony can rear (Michener 1964). I 

estimated the number of queens produced by the obser

vation colonies by counting the number of queen cells 

in each comb. Queen cells are readily distinguished 
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from worker and male cells by their greater size 

(Figure 2.7). Larger colonies had larger reproductive 

output (Figure 2.8). 

3) Overwintering of new queens - Honey stores in the 

nest are important to the overwintering of new queens. 

After eclosion, they serve as a food that is converted 

to fat reserves, and large amounts of honey in liquid 

form are carried in the honeystomachs of queens leaving 

the nest to enter hibernation (Richards 1953, Alford 

1975). These provisions are vital for the queens' 

survival over the winter and successful nest establish

ment the following spring (Alford 1975). Honey stores 

may be inadequate in stressed colonies (Brian 1952). 

Upon dissection of the combs of the 5 observation 

colonies, I found abundant honey stores in 2 large and 

active colonies. and little or no honey in the 3 

smaller colonies. 

Thus nectar availability may affect ~ appositus population 

sizes both within a season. through eff~cts on colony 

growth, and in the subsequent season. through effects on the 

production and survival of reproductives. It should be 

noted that I was able to detect an effect of nectar 

availability on ~ appositus foraging profitability despite 

the fact that 1982 was a fairly average or even a favorable 

year, in terms of winter snowpack. summer weather. and 
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FIGURE 2.7 - Cell diameter histogram 

Histogram of cell (pupal cocoon) diameters for 4 of the 
observation colonies of Bombus appositus. The distribution 
is strongly bimodal,. with queen cells mostly larger than 
worker and male cells. There are an estimated 45 queen 
cells in this figure. 
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FIGURE 2.8 - Reproductive output versus colony size 

Number of queen cells, an index of reproductive output, as a 
function of colony size, measured by the average number of 
workers in the colony between 1 and 21 August (regression 
equation: y = -3.0 + 1.53 x • r = 0.96, n = 5, P < 0.01 
two-tailed). A similar correlation is obtained between the 
number of worker and male cells and the number of queen 
cells in the combs (r = 0.97, n = 5, P < 0.01). 



flower abundance. When ecological "crunches" (Wiens 1977) 

occur, due to drought, for example, effects of resource 

limitation on bumblebee populations are probably much more 

severe than those documented here. 
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Studies of other bumblebee specie~ have also shown 

responses to changes in resource availability. Hobbs (1966) 

reported declines in the abundances of several bumblebee 

species over a five year period of food shortage caused by 

drought. Working in insular subalpine meadows in Utah, 

Bowers (1984; and In press) showed that higher bumblebee 

worker densities and shorter times until the first 

appearance of new queens were positively associated with 

available floral resources. In several cases, bumblebee 

species became locally extinct from meadows in which they 

had previously established colonies: these meadows were 

significantly poorer floristically than those in which no 

extinctions occurred. Inouye (1978) reported a behavioral 

response by one bumblebee species to an increase in resource 

availability resulting from the removal of a different 

species, and several authors have presented evidence that 

bumblebees respond to patterns of resource availability in 

ways that increase their rate of foraging return (Whitham 

1977, Pyke 1978b, 1979, 1982b, Heinrich 1979b, Zimmerman 

1981, Pleasants 1981). Pleasants (1981) suggested that 

similar bumblebee abundances in two years reflected similar 

resource levels, and presented evidence of population 
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increase of ~ bifarius and ~ flavifrons following local . . 
extinction of ~ mellifera and ~ occidental is, both of 

the latter being species that reduce the availability of 

resources to the former species. Bowers (1984) demonstrated 

that densities of B. rufocinctus increased in response to 

the removal of its probable competitor ~ flavifrons. 

The results discussed above, linking bumblebee foraging 

profits and population sizes to floral resource 

availability, can be extended, with certain caveats, to 

apply to solitary bees. The number of offspring of a female 

solitary bee is limited in part by the rate at which she can 

provision larval cells over her lifespan. Cells are 

primarily provisioned with pollen, so that pollen 

availability has a critical effect on solitary bee 

reproductive output. In areas or years where pollen 

production is high, solitary bee populations should have 

increased reproductive success, and populations should 

increase in the subsequent year. Most solitary bees are 

univoltine (Stephen et ale 1969), so that population sizes 

within a year are not affected except through mortality. In 

general, solitary bees are much more flower-specific than 

bumblebees (Lindsley 1958), and near the Colorado study 

area, tend to use flower species which have lower and less 

variable densities from year to year (Anderson 1984). Thus 

the abundance of a particular solitary bee' species, as 
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opposed to a bumblebee species, is more likely to depend on 

the abundance of specific plants, and to be less strongly 

affected by annual variation in overall resource 

availability. 

The data presented in this chapter p showing declines in 

individual and colony foraging profits as nectar 

availability decreased, together with the inferred impacts 

of nectar supply on colony growth and reproduction, support 

the hypothesis that resource availability is an important 

factor in the biology of Bombus appositus. Similar or 

related results with other bumbleb~e species suggest that 

this hypothesis is quite generally valid, and that resource 

availability may have significant ecological and 

evolutionary effects in field populations of bumblebees. 

Incorporating the remarks made above about resource effects 

on solitary bee populations, the following picture of the 

local subalpine bee community begins to emerge. On the one 

hand is a subset of species which contains highly 

generalized foragers, especially the bumblebees. In large 

part, their abundance is affected by the total abundance of 

flower resources, although there is some degree of 

specialization by tongue length (Inouye 1980, Hanski 1982, 

but see Ranta and Lundberg 1980). The remainder of the 

community, comprised of solitary bees, are more specialized 

foragers, and their abundances are more dependent on the 



abundance of specific flower resources in the habitat. 

Energy availability, both overall and in certain unique 

resource types, thus probably plays a vital role in 

structuring local subalpine bee communities in Colorado. 
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CHAPTER 3 

PATCH DYNAMICS OF A FORAGING ASSEMBLAGE OF BEES 

Summary 

The composition and dynamics of foraging assemblages of 

bees were examined from the standpoint of species-level 

arrival and departure processes in patches of flowers. 

Experiments with bees visiting 4 different species of 

flowers in subalpine meadows in Colorado gave the following 

results: 

1) In enriched patches the departure rates of bees 

were reduced, resulting in increases in both the number of 

individuals per species and the average number of species 

of bees present. 

2) The reduction in bee departure rates from enriched 

patches was due to mechanical factors - increased flower 

handling time, and to behavioral factors - increases in 

the number of flowers visited per inflorescence and in the 

number of inflorescences visited per patch. Bees foraging 

in enriched patches could collect nectar 30-45 % faster than 

those foraging in control patches. 

3) The quantitative changes in foraging assemblages 

due to enrichment, in terms of means and variances of 

numbers of individuals of each species in a patch, fraction 

of time a species was present in a patch, and 1n mean and 
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variance of the number of species present, were in 

reasonable agreement with predictions drawn from queuing 

theory and studies of island biogeography. 
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4) Experiments performed with 2 species of flowers 

with dirferent corolla tube lengths demonstrated that 

manipulation of resources of differing availability had 

unequal effects on particular subsets of the larger foraging 

community. 

The arrival-departure process of bees on flowers and 

the immigration-extinction process of species on islands are 

contrasted, and the value of the stochastic, species-level 

approach to community composition is briefly discussed. 

Introduction 

The structure and dynamics of many biological systems 

are strongly influenced by probabilistic arrivals and 

departures. For example, the number of species on an 

island, of individuals in a social group, and of alleles at 

a locus in a population, can all be thought of as the result 

of stochastic processes with discrete inputs (immigration, 

birth, or mutation, in these examples) and losses 

(extinction, emigration, or death). ThInking of such 

systems as stochastic processes facilitates the 

identification of factors that influence inputs or losses, 

and thus affect the content and dynamics of the system. 
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When the system is an ecological community and the 

components of interest are species, a factor that may affect 

the loss process in many instances is energy availability 

(Chapter 1). On islands or in large habitats, where most 

populations are maintained by local resources, a larger 

energy supply can support larger populations (e.g., Chapter 

2), which are less prone to extinction (Jones and Diamond 

1976, Terborgh and Winter 1980, Toft and Schoener 1983). In 

small habitat patches, which are utilized by a few 

individuals rather than by independent populations, a rich 

resource supply can still affect departure rates; for 

example, by delaying the "decisions" of individuals to leave 

the area (Charnov 1976). Resource supply may also affect 

arrival rates, if individuals are attracted to or can 

remember rewarding locales. These considerations imply that 

energy supply may affect community structure on a variety of 

scales. 

Assemblages of visitors to patches of flowers 

correspond closely to a stochastic process model, and offer 

excellent opportunities for experimental study. Arrivals 

and departures have a strong probabilistic component, occu~ 

on a rapid time scale, and factors that affect arrival and 

departure rates are easily identified and in some cases 

manipulated. In the patch-dynamic system, population size 

and species number refer to the number of individuals and 

the number of species, respectively, present in the patch at 



a given point in time. In 1981 and 1982 I performed 

experiments with naturally occurring assemblages of floral 

visitors On patches of flowers. to determine how resource 

availability affects the structure of the foraging 
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assemb I age. Bees (Hymenoptera. super fami I y Apo idea), 

especially bumblebees (Bombus and Psithyrus), were 

overwhelmingly the dominant floral visitors in this study. 

In order to provide an interesting analogy with island 

systems, where available energy may often have little effect 

on immigration rates, the experiments were deliberately 

designed to prevent any effect of enrichment on the arrival 

rates of bees. 

In these experiments, I anticipated that increased 

floral rewards would reduce departure rates of individual 

foragers, increasing the amount of time they remained in 

patches (residence time). The arrival-departure rate model 

then predicts increases in average population sizes and in 

the average number of species present in enriched patches. 

In addition, previous studies in this and other systems have 

suggested that some species respond to the availability of 

particular reSOurce types which they require Or prefer, not 

merely to total resource levels (Chapter 1, Chapter 2; 

Graves and Gotelli 1983). This implies that knowledge of 

the spectrum and quantity of resources available, and of the 

resource use characteristics of species, would improve the 
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predictibility of community species composition and species' 

abundances. I therefore also conducted experiments to 

determine whether the manipulation of flower rewards of 

differing availability had predictable, differential effects 

on particular bee species in the system. Finally, I 

measured various aspects of bee foraging behavior in 

enriched and control patches, in order to identify the 

mechanisms influencing departure rate. 

In the discussion, I contrast the patch-dynamic system 

of bees on flowers with insular immigration-extinction 

systems, and address the importance of energy availability 

as a determinant of foraging assemblage and local community 

structure in bees. 

The arrival-departure rate model 

Population size 

The number of individuals of a species of bee in a 

patch of flowers can be regarded as the result of a 

stochastic process of arrivals and departures of foraging 

bees. Figure 3.1 shows a graphical arrival-departure rate 

model of population size in a patch. The exact shapes of 

the arrival and departure rate curves are unimportant; the 

model serves to show that lowering departure rate increases 

the equilibrium number of individuals present in the patch. 
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FIGURE 3.1 - An arrival-departu~e rate model 
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Arrival and departure rate curves versus number of 
individuals in the flower patch (N). Given the same arrival 
rate curve, the equilibrium population size will be greater 
when the departure rate is lower (Nl ow > Nhigh)· 
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This relati0nship can be made more precise, using 

results derived from queuing theory to estimate the mean and 

variance of population size in a patch. Queuing theory is a 

branch of applied mathematics dealing with stochastic 

processes, mostly concerning the "serving" of "customers" 

and the length of waiting lines, hence its name (Gross and 

Harris 1974). In ecological systems, there usually are no 

"servers," or the number of servers is effectively 

unl imi ted, and "customers" do not wai t in line; this 

corresponds to the "ample server" case in queuing theory. 

A general result from queuing theory states that 

N = ~ T (3.1). 

where N = mean population size, A = arrival rate, and T = 

mean residence time, the average amount of time a bee 

remains in the patch (Gross and Harris 1974, p. 59). This 

formula, known as Little's Formula, holds for any realistic 

arrival-departure system, regardless of the nature of the 

arrival or departure processes. 

In systems with Poisson arrival processes (i.e •• 

arrivals independent and randomly distributed in time). a 

departure process of any form. ample "servers". and no limit 

on the physical capacity of the system to hold arrivals, 

which effectively corresponds to the patch-dynamic system in 

this study, the exact probability distribution of population 

size is Poisson with parameter AT (Gross and Harris 1974, 
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p. 272). Since a Poisson distribution has variance equal to 

its mean, we thus expect that Var {N} = ~T also. 

Species occurrence and number of species present 

Using the Poisson distribution of population sizes, we 

can estimate the probability that a species J.. will be 

present in a patch at any point in time, 

Pi .. 1 - P r (Ni = 0) 1 - e (3.2) • 

If the occurrence of a species is independent of the 

presence of other species~ the expected number of species 

present in the patch is then just the sum of the individual 

probabilities, or 

c 
S .. .2.. Pi" Cp 

'<'=1 

where S = number of species present, and C = number of 

species in the pool of potential arrivals. The variance in 

S is 

C 
Var IS} 2PiQi = Cp(1 - p) - C Var {pI (3.4), 

" :.1. 

where qi = 1 - Pi ~ These results for Sand Var IS} were 

previously presented for immigration-extinction processes on 

islands, in Simberloff (1969), and also appear in relation 

to island processes in papers by Diamond and Marshall 
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(1977), Gilpin and Diamond (1981), and Diamond and Gilpin 

(1983). 

The exact probability distribution of S in this case 

is: P(S = s) = as ; where as is the coefficient of x S in 
c 

the expansion of IT (qi 
1.=.1 

+ PiX) (Gilpin and Diamond 1981). 

This distribution does not, to my know ledge, have a name, 

despite the fact that it is a potentially important null 

distribution in ecology. I refer to it as the polynomial 

distribution. For large C, the polynomial distribution 

approaches a normal distribution with mean and variance 

given by (3.3) and (3.11). 

I use these results of the arrival-departure process 

model to assess three aspects of my data on foraging 

assemblages of bees: 1) Do reduced departure rates result 

in increased population sizes of bees in patches of flowers? 

2) How do the quantitative predictions of changes in means 

and variances of population sizes compare to the changes 

observed? 3) How do the frequencies of occurrence of 

species, and the means and variances of numbers of species 

present in flower patches, compare with predicted values? 

Materials and methods 

Field work was conducted during July and August of 1981 

and 1982 in the vicinity of the Rocky Mountain Biological 

Laboratory, Crested Butte, Colorado, U.S.A. Field sites 

were situated in subalpine meadows at an elevation of about 
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2850 m. The effects of increased resource levels on the 

assemblages of visitors to 4 different flower species were 

examined using bagging experiments. The flower species 

were: the monument plant, Fra~ speciosa (Gentianaceae, 

1981 only); monkshood, Aconitum columbianum (Ranunculaceae); 

lark spur, De 1 phini urn barbey i (Ranuncu lacea e); and f i rewee d, 

Epilobium angustifolium ( = Chamaenerion angustifolium, 

Onagraceae, 1981). Nylon mesh bags excluded visitors from 

the flowers and allowed standing crops of nectar to 

accumulate. Amounts of pollen may have been higher in 

bagged flowers than in accessible flowers at the time of 

unbagging, since pollen removal was also prevented by 

bagging; however, I did not measure pollen availability. 

The majority of visitors to these flowers forage for nectar. 

Standing crops of nectar in bagged and unbagged flowers were 

measured with microcapillary tubes, and nectar concen

trations were measured using a portable refractometer (Kyowa 

0-92%, No. 11654). 

Frasera flowers were bagged at about 1630, and were 

observed the next day between 0900 and 1100. Flowers of the 

other three species were bagged at about 0800. and were 

observed between noon and 1400 of the same day. Bagging 

duration was based on the need to produce a degree of 

contrast in the floral rewards of control and enriched 

inflorescences sufficient to result in significant changes 

in the response of visitors to en~iched patches. Bags were 
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removed from enriched plots 2 min prior to observation. For 

Frasera, single inflorescences, consisting of 10-98 open 

flowers on a stalk 0.9-1.5 m in height, were observed. For 

the other 3 species, 1 by 1.5 m plots established in 

monospecific stands, containing from 8-134 inflorescences, 

served as experimental blocks. Hereafter I will also refer 

to Frasera inflorescences as plots. Experiments on Aconitum 

and Delphinium were run concurrently, with Aconitum and 

Delphinium plots placed close to each other ( < 50 m apart). 

During each observation period, the species, time of 

arrival, and time of departure of all visitors to the plot 

were recorded. On any particular day, plots were randomly 

assigned to enriched or control treatments, and were 

observed in randomized order for 20 minutes each (Frasera 

for 10 minutes). 

To identify factors affecting departure rate, which is 

not directly measurable, but is inversely related to 

residence time, in 1982 I estimated the contribution of the 

following components of bee foraging behavior to residence 

times in plots of Epilobium: time per flower, time between 

flowers on the same inflorescence, flowers visited per 

inflorescence, time between inflorescences, and number of 

inflorescences visited in the plot. Times were measured 

with a hand-held digital stopwatch. With the exception of 

time between flowers on the same inflorescence, which was 



measured only on unbagged inflorescences, all of these 

variables were measured for several different bee species 

visiting control and enriched plots of Epilobium. 

Results 

Effect of enrichment on assemblages visiting 
Epilobium and Frasera 
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Epilobium angustifolium and Frasera speciosa both have 

large, open flowers with accessible nectaries. and are 

visited by numerous social and solitary bee species. 

Therefore. I have used my data concerning the effects of 

enrichment on the assemblages visiting these species to test 

the qualitative and quantitative predictions of expected 

changes in assemblage structure made by the arrival-

departure model. 

Bagging increased nectar standing crops in Epilobium 

about 5-fold. Enriched flowers contained an average of O.~O 

pI of nectar in 1981 (n = 198. s .. 0.296) and 0.22 pI in 

1982 (n == 89, s .. 0.209). after an average of 3.~ and ~.8 

hours of bagging, respectively. whereas unbagged flowers at 

the time of observation contained 0.07 p.l in 1981 (n = 89. s 

co 0.178) and 0.06 III in 1982 (n .. 75. s .. 0.220). Nectar 

concentrations averaged 63.~ % in 1981 (equivalent percent 

sucrose; based on pooled samples from 3 - 9 flowers on a 

single inflorescence. n ... 12 samples. s .. 2.98). 
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Flowers of Epilobium were visited during daylight hours 

in 1981 and 1982 by a wide variety of bumblebees, solitary 

bees, and a few wasps; including Bombus flavifrons, ~ 

bifarius, Anthophora furcata, ~ terricola occidentalis 

( = ~ occidentalis), ~ appositus, ~ nevadensis, Vespula 

vulgaris, bees of the genus Megachile, especially M. 

frigida, siricid wasps, ~litis fulgida, Coelioxys sodalis, 

Osmia bucephala, and ~ simillima; in approximate descending 

order of abundance. ~ flavifrons and B. bifarius accounted 

for 68% of all arrivals to Epilobium plots in 1981. 

As anticipated, enrichment resulted in increased 

residence times in Epilobium plots, reflecting a lower 

departure rate from enriched patches (Table 3.1). Arrival 

rates were unaffected by enrichment for all species except 

the "other" category, where arrivals were actually 

significantly lower in enriched patches (1 arrivals to 

enriched vs. 23 arrivals to control patches, P = 0.0052 two

tailed, binomial test). This category includes mostly 

solitary bees of various species, which could conceivably 

have been avoiding areas of high bumblebee density. 

The qualitative prediction of the arrival-departure 

rate model (Figure 3.1) holds for Epilobium: given 

decreased departure rates and unchanged arrival rates, 

average population sizes increased in enriched patches 

(Tab Ie 3.1). 
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In 1 98 1, en ric he d F r a s era flower s con t a in e dab 0 u t 7. 5 0 

}4l of nectar (n => 58, s '" 6.054) in the 8 nectaries, after 

being bagged overnight for an average of 17.3 hr. In 

contrast, unbagged flowers contained an average of 1.11 Ml 

of nectar at mid-morning (n = 99, s = 2.550). Frasera 

produced nectar ·of relatively low concentration (23.8 %, 

measurements on nectar from individual flowers, n c 8 

flowers, s = 3.85), although higher values (40-60 %) were 

commonly found in the exposed nectaries on warm, sunny days. 

Frasera was visited during daylight hours by quite a 

different assemblage of foragers than was found on 

Epilobium; this included Bombus bifarius, ~ rufocinctus, 

Psithyrus suck~, ~ insularis, ~ mixtus, solitary bees 

of the genera Andrena and Megachile, and the hummingbirds 

Selasphorus platycercus and ~ rufus. Differences in the 

species visiting Epilobium and Frasera were probably to a 

large extent due to their differing dates of flowering, 

differing nectar content, and the 0.5 km separation between 

flowering sites. Arrivals to Frasera inflorescences by 

Bombus and Psithyrus comprised 87 % of the total. 

Residence times generally increased on enriched Frasera 

inflorescences, although the resulting increases in average 

population sizes were not statistically significant (Table 

3.2) In part, the less pronounced differences between 

population sizes on control and enriched plots of Frasera, 

as compared with the later-flowering Epilobium, were due to 
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TABLE 3.1: Mean residence times and population sizes in 
E p il 0 b tum p lot s. 30 J u I - 4 Au g 1 981 • 

Residence time ( s) Population size 
Species Control Enriched Control Enriched 
------- ------- ----!"""'--- -~----- --------
Bombus bifarius 32.9 90.6 *** 0.112 ** 0.370 
B. flavifrons 36.-0 63;9 0;1lJ3 0;386 *** 
Anthophora furcata: ---- * females 29.3 5lJ.1 0.063 0.076 

males 1 5; 1 26~3 0;013 0~016 
other 26;1 118;7 *** 0;035 0;057 

All 36":8 71 .2 *** 0.366 0.905 *** 

* 

** 
*** 

Enriched> control, P < 0.05 one-tailed. Residence times 
compared using design-free combined Wilcoxons test for 
blocks with multiple observation!} (Van Elteren 1960; 
Noether 1967, p. 42); population sizes compared"using 
Wilcoxon matched-pair signed ranks test (observations 
of enriched plots were paired with control observations 
of the same plot in order of sampling date). 

P < 0.01 
P < 0;001 

TABLE 3.2: Mean residence times and population sizes in 
Frasera' plots. 6 - 1lJ Jul 1981. 

Residence time ( s) Population size 
Species Control Enriched Control 
------- ------- -------- -------
Bombus bifarius 106.0 212.9 * 0.070 
B. rufocinctus '60;0 123;6 ** 0;062 
fiithlrus spp. 12lJ;1 232;8 0~214 
solitary bees' 101 ; 0 11 3; 3 0;061 
other lJ;O 96" 0;001 

All 85.1 168.4 ** 0.408 

* Enriched> control, P < 0.05 one-tailed, combined 
** Wilcoxons test 

P < 0.01 

Enriched 
--------
0.197 
0; , 05 
0;228 
0;062 
0;046 

0.639 
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lower arrival rates to Frasera (0.185 arrivals per minute 

for all species, versus 0.69lj per minute to Epilobium 

plots). Lower arrival rates increase the amount of time 

that there are no individuals in a patch, making control and 

enriched patches more difficult to differentiate. 

To evaluate whether population sizes on Frasera 

nonetheless quantitatively followed the arrival-departure 

rate model, I examined the correspondence of my observations 

of means and variances of species population sizes on 

Frasera and Epilobium with the values predicted by queuing 

theory. Predicted values were computed as the product of 

observed arrival rate and average residence time [see Eq. 

(1) and the following paragraph]. Table 3.3 presents 

observed and predicted means and variances in population 

sizes in Epilobium and Frasera plots. The observed values 

follow the model values quite closely for bees on Epilobium, 

both in magnitude and in preserving the correct direction of 

differences among species and treatments. The mOdel also 

describes the Frasera assemblage fairly well, although the 

observed direction of differences is not maintained in a few 

cases. 

I also compared the composition and species richness of 

the foraging assemblages on Epilobium and Frasera with the 

arrival-departure rate model expectations. In particular, I 

tested the utility of equations (3.2), (3.3), and (3.4) by 
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TABLE 3.3: Observed and predicted means and variances in 
population sizes in Epilobium and Frasera plots 

Population size 
(mean, variance; predicted mean and variance) 

Species Control Enrinhed 
------- ------------------- ---------------~---

Epilobium 

Bombus bifarius 0.112, 0.121; 0.118 0.370, 0.377; 0.324 
B. flavifrons 0~143, 0;143; 0; 156 0;386, 0.277; 0;468 
Anthophora furcata: 

females 0.063, 0.073; 0.054 0.076, 0.070; 0.100 
males 0.013, 0.013; 0; 014 0.016, 0.015; 0.024 

other 0~035, 0;034; 0~042 0;057, 0~058; 0;058 

All 0.366, 0.369; 0.356 0.905, 1 .180; 0.823 

Frasera 

B. bifariu3 0.070, 0.065; 0.072 0.197, 0.208; 0.145 
if:'" rufocinctus 0;062, 0;058; 0;048 O~105, 0.108; 0~099 
Psi th~rus spp. 0.214, 0.274; 0.126 0.228, 0.182; 0.237 
solitary bees 0;061, 0;064; 0.041 0;062, 0;074; 0.045 
other o .001 , 0.001 ; 0.001 0.046, 0;044; 0; 018 

All o~ 408 , 0.581 0.263 (}.639 , 0.806 ; 0.520 



TABLE 3.4: Observed and predicted frequency of occurrence 
(Pi>' s~ecies number. and variance in species number in 
Eplloblum and Frasera plots 

Species 

Bombus bifarius 
B. flavifrons 
Anthophora furcata: 

females 
males 

other 

Species number (8) 

Proportion of time present 
(observed/predicted) 

Control Enriched 
------------- -------------

Epilobium 

0.101 / O. 1 1 1 0.302 / 0.277 
0;133 / 0;145 0;322 / 0.2112 

0.057 / 0.055 0.076 / 0.100 
0; 013 / 0;014 0;016 / 0~023 

0~035 / 0~041 0;055 / 0~056 

0.339 / 0.366 0.771 / 0.698 

Var IS} = 0.289 / 0.3011 
0~585 / 0~5115 

Contr 01 
Enriched 

Frasera 

B. bifarius 0.070 / 0.069 0.172 / 0.135 
B7 rufocinctus 0;062 / 0;047 0;098 / 0;0911 
Psithxrus spp. 0;163 / 0; 119 0;225 / 0; 211 
solitary bees· 0;058 / 0;040 0~055 / 0;01111 
other 0;001 / 0;001 0;0116 / 0~018 

Species number (5) 0.3511 / 0.276 0.596 / 0.502 

Var IS} .. 0.385 / 0.312 Control 
0;657 / 0;1195 Enriched 

80 
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com par i n g the pre d i c ted val u e s 0 f Pi, S, and V a r {S} Hit h 

observed values (Table 3.4). Once again, the model describes 

the foraging assemblages fairly accurately. Enrichment 

increased the fractions of time that species were present in 

the plot, and summing these fractions over species, thereby 

also increased the mean number of species present. I do not 

wish to imply that the presence of a bee species in 

a patch of flowers is in fact independent of the presence of 

other species, as the model assumes in this case; however, 

the assumption of independence is an appropriate null 

assumption in many community studies, and may provide, as it 

does here, a useful first approximation to observed 

communi ty pa t terns. 

Effect of differentially available resources on response 
to enrichment: Experiments with Aconitum and Delphinium 

Experiments with Aconitum columbianum and Delphinium 

barbeyi were conducted to test the effect of manipulating 

differentially available resources on the response of the 

foraging assemblage. Unlike Epilobium and Frasera, Aconitum 

and Delphinium have their nectaries at the ends of elongated 

tubes, and are only accessible to bees with tongues of 

adequate length. Aconitum has a corolla tube length of 

about 8.4 mm, and is visited during daylight hours primarily 

by Bombus bifarius (Horker proboscis length 5.8 mm), ~ 

flavifrons (7.8 mm), and ~ appositus (10.5 mm), while 

corollas of Delphinium average 14.0 mm in length, and it is 
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visited primarily by ~ appositus and other long-tongued 

species (~ nevadensis, 10.1 mm; ~ californicus, 10.0 mm; 
.. . 

~ kirbeyellus, 9.4 mm; and the hummingbirds Selasphorus 
. . 

rufus and ~ platycercus; proboscis lengths from Macior 

1974, corolla lengths from Inouye 1978). The two flower 

species bloom concurrently and occasionally may be found in 

mixed stands, although Aconitum prefers wetter soils. 

Aconitum and Delphinium produced similar quantities of 

nectar in 1981 (Aconitum: 0.95 }ll, n '" 55, s = 1.039; 

Delphinium: 0.92 }ll, n = 94, s '" 0.430; both after an 

average of 4.6 hours bagged), of about 40 % concentration 

(Aconitum: 42.4 %, n = 18 flowers, s = 5.28; Delphinium: 

35.7 %, n .. 21 flowers, s .. 4.29). Unbagged flowers at the 

time of observation contained substantially less nectar 

(Aconitum: 0.24}l1, n = 109, s ... 0.739; Delphinium: 0~38 p.l, 

n .. 115, s .. 0.373). 

Enrichment resulted in increased residence times and 

increased population sizes in both Aconitum and Delphinium 

plots (Table 3.5). Note, however, that the bee species 

affected and the magnitudes of the population responses are 

quit~ different for the two flowers. 

Consider what would happen if we were examining the 

combined assemblage visiting both Aconitum and Delphinium 

over a large area, or in a plot situated in a mixed stand. 

In such a 2-species flower patch, manipulation of only 
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TABLE 3.5: Mean residence times and population sizes in 
Aconitum and Delphinium plots. 12 - 26 Jul 1981 and 29 Jul 
- 5 Aug 1982. 

Aconitum DelEhinium 
Species Year Control Enriched Control Enriched 
------- ---- ------- -------- ------- --------

Residence time (s) 
Short-tongued: 

Bombus bifarius 1981 58.0 180.4 
1982 44.4 222.6 * 

48 ;1r 203;1 * 
Medium-tongued: 

* B. flavifrons 1981 66.8 133.9 
1982 78.0 138.2 * 82.5 497.7 ** 

b9:8 134;9 * 
Long-tongued: 

*** ** B. aEEos it us 1981 57.6 277.3 66.8 169.6 
1982 48.3 163.9 84.0 1 41 .5 

5"5.""T 220;6 *** 74;4 157.4 ** 

B. nevadensis 1981 102 51 .7 1 31 • 2 
and others 1982 20.5 60 92~4 266:2 * 

** 47.7 60 66.2 198.7 
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TABLE 3.5, continued 

Aconitum DelEhinium 
Species Year Control Enriched Control Enriched 
------- ~--- ------- -------- ------- --------

PopulatIon sIze 
Short-tongued: 
~ bifarius 1981 0.033 0.173 0 0 

1982 0.081 0.389 0 0 
0;051 0;25lJ * 0 0 

Medium-tongued: 
~ flavifrons 1981 0.309 0.66lJ 0 0 

1982 0.193 0;390 O.OlJlJ 0.259 
0;266 0;561 * 0~017 0;097 

Long-tongued: 
~ aEEositus 1981 0.097 0.333 0.126 0.lJ27 

1982 0.057 0.298 0.268 0.lJ95 
0;082 0.320 * o ~ 1 79 0.lJ50 ** 

~ nevadensis 1981 0.009 0 0.036 0.OlJ6 
1982 '0 0.008 0.060 0;216 

0.005 0.003 0.045 O. 1 1 0 

* 

** 
*** 

Enriched> control, P < 0.05 one-tailed. Residence 
times compared using combined Wilcoxons test, popula
tion sizes compared using Wilcoxon matched-pair signed 
ranks test (see footnote to Table 3.1) 

P < 0.01 
P < 0.001 
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Aconitum rewards would differentially affect a limited 

subset of the combined assemblage of visitors, specifica~ly 

Bombus flavifrons and ~ bifarius; ~ appositus might 

respond somewhat less strongly, depending on the extent to 

which foragers cross-visit between Aconitum and Delphinium; 

and B. nevadensis and other long-tongued visitors, which are 

mostly restricted to Delphinium, would be virtually 

unaffected. Conversely, manipulation of Delphinium rewards 

would most strongly affect the long-tongued species, ~ 

flavifrons to a lesser extent, and B. bifarius not at all. 

Enrichment of both flower species in a 2-species patch would 

affect all the visiting species, but ~ appositus would be 

differentially affected, since it is the species which most 

commonly uses both resources. 

Mechanisms affecting departure rate 

Up to this point I have demonstrated that bee departure 

rates from a patch are reduced by enriched flower resources, 

that the foraging assemblage exhibits the predicted 

consequences of reduced departure rate in a stochastic 

arrival-departure rate model, and that differential resource 

availability and use can substantially affect the structure 

and dynamics of the foraging assemblage. Now I wish to 

descend a stepw from the level of effect to the level of 

cause, and address the question of how bee foraging behavior 
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changes in enriched patches to result in increased residence 

times. 

Table 3.6 presents the results of experiments performed 

in 1982 with control and enriched patches of Epilobium. 

Only species of Bombus visited the plots in adequate numbers 

for analysis. All bumblebees showed increased times per 

flower in enriched patches, probably due to the increased 

time required to extract greater standing crops of nectar 

(Hodges and Wolf 1981, Pyke 1982b). B. bifarius and B. 

flavifrons had adequate sample sizes to show an increase in 

the number of flowers visited per inflorescence in enriched 

plots, and B. flavifrons showed a significant increase in 

the number of inflorescences visited in the plot; the other 

species also consistently followed this latter trend. Time 

between flowers on the same inflorescence approached the 

limit of my ability to press the stopwatch button 

consecutively upon observing 2 events in quick succession 

(about 0.25 s); because of this bias, the small relative 

contribution of this factor to total residence time, and the 

probable lack of large differences between control and 

enriched inflorescences, I elected to sample time between 

flowers only on unbagged inflorescences. Time between 

inflorescences was measured in both control and enriched 

plots, but no large or systematic differences were observed; 

therefore these measurements are combined in the table. The 

above results are consistent with those obtained by Pyke 



TABLE 3.6: Components of bumblebee foraging behavior on Epilobium. 12 - 20 
Aug 1982. Means of 1) Handling time per flower, 2) time between flowers on 
the same inflorescence, 3) number of flowers visited per inflorescence, 4) 
estimated time per inflorescence, 5) time between inflorescences, 6) number of 
inflorescences visited in the plot, 7) estimated residence time. All times in 
seconds. C indicates control treatments, E indicates enriched. 

2 3 4 5 6 7 
Time Time Flowers Es t. time Time Total Es t. 

Bombus per between per 'per between no. residence 
species flower flowers inflor. inflor. a inflors. inflors. time b 

------ ------- ------- ------- --------- ------- ------- ---------

bifarius 

C 0.82 2.23 2.61 4.3 14.0 
0.35 0.65 

E 3.15 *** 3.83 ** 1 3.41 7.0 98.4 

flavifrons 

C 0.99 2.62 3.62 5.1 22.1 
0.39 0.71 

E 3.76 *** 4.24 ** 17.60 7.6 * 139.2 

(Xl 
--.J 



Bombus 
species 

Time 
per 

flower 
-------

2 
Time 

between 
flowers 
-------

terri cola occidentalis 

C 0.93 
[0.411]C 

E 4.03 *** 

appositus and ~evadensis 

C 0.67 
0.59 

E 3.64 ** 

TABLE 3.6, continued 

3 4 
Flowers Est. time 

per per 
inflor. inflor. a 

------- --------

3.05 4. 1 9 

3.06 13.69 

5 6 7 
Time Total Est. 

between no. residence 
inflors. inflors. time b 

------- ------- ---------

4 20.5 
0.93 

16 233.9 

5.5 

7 

* Enriched> control, P < 0.05 two-tailed. Mann-Whitney U test or combined 

** 
*** a 
b 
c 

Wilcoxons test, depending on experimental design. 
P < 0.01 
P < 1 x 10-5 

(1 + 2) x 3. No statistical comparisons performed. 
(4 + 5) x 6. No statistical comparisons performed. 
Not measured; estimated by the mean of the other 3 species' times. 

co 
co 



(1978b, 1982b), Heinrich (1979b), and E. van Hoogenstyn 

(unpublished data) in similar experiments. 
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Fpom these data we can see whY'bees should linger in 

enriched plots: gross rates of nectar collection are about 

40 % higher there (~ bifarius, 2~5 JlI min-1 control vs. 3.6 

enriched, 44 'f, higher; ~ flavifrons, 2.2 vs. 3.1, 41 'f, 

higher; ~ h occidentalis, 2.1 vs 2.8, 33 % higher). It 

should be noted that in calculating these values, I have 

assumed that bees leave behind equal amounts of nectar in 

control and enriched flowers, which is probably not 

precisely true (Whitham 1977, Hodges and Wolf 1981, 

Zimmerman 1983). It seems unlikely, however, that bees 

would leave behind so much nectar in enriched flowers as to 

lower their reward rate below that in control plots. 

In order to compare the relative contributions of 

separate components of a bumblebee species' foraging 

behavior to changes in residence times, I computed the mean 

across treatments of all variables in Table 3.6 except the 

variable in question, and calculated the difference between 

resulting estimated residence times in control and enriched 

plots due only to the change in the focal variable. This 

difference was then expressed as a proportion of the total 

difference in estimated residence times from column 7 of 

Table 3.6. Finally, since these ratios do not necessarily 

add up exactly to 1, I standardized their values. ·The 



results are as follows: 
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for ~ bifarius, about 49 % of the 

difference in residence times on control and enriched plots 

is due to changes in handling time per flower, 26 % is due 

to changes in the number of flowers visited per 

inflorescence, and 25 % to changes in the number of 

inflorescences visited per plot. The corresponding figures 

for ~ flavifrons are 55, 22, and 23 %; and for ~ 

t. occidentalis, 44, 0, and 56 %. 

Thus, at least for bumblebees, about 50 % of the 

observed increase in residence times in enriched plots is 

due to purely mechanical aspects of drinking speed, and the 

remainder is attributable to changes in foraging behavior: 

"decisions" about how many flowers to visit on an 

inflorescence, and about movements that affect the number of 

inflorescences visited in a limited area. Armed with this 

understanding, a regression of flower handling time on 

nectar standing crop, optimal foraging theory, and some 

simple experiments on bee behavioral responses, we could 

begin to make specific predictions about how the assemblage 

should respond to as-yet unperformed resource manipulations. 

My purpose here, however, is merely to emphasize that the 

identification of the input and loss processes in a 

stochastic system allows the elucidation of mechanisms 

controlling these processes. It is through understanding 

the mechanisms that biological realism and insight will be 

brought to any particular system, since the stochastic 



process model itself is not specific to any unique 

ecological situation.-

Discussion 
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Species-level heterogeneity in resource availability and use 

The Aconitum and Delphinium experiment illustrates how 

prior knowledge of resource availability in a patch and of 

the resource use characteristics of species in the pool of 

potential arrivals may provide additional information on the 

structure and dynamics of the assemblage. Such knowledge 

will especially be of value in understanding the species 

composition of large habitats, with many resource types, 

that differ widely in resource availability. In larger 

areas (several ha) of subalpine meadow around the study 

site, there are commonly as many as 20-25 plant species 

flowering simultaneously, and these flowers are visited by a 

large number of solitary and social bee species with varying 

degrees of flower specificity (Anderson 1984). In this 

highly complex system, the bee species present and their 

abundances are clearly influenced by the resource base; and 

the response of the assemblage to changes in resource 

availability depends upon which resources change. For 

example, areas without substantial populations of 

Delphinium, Aconitum, Pedicularis grayi, Vicia americana, 

Gentiana calycosa, or other flowers with long corollas, 
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would be expected to be depauperate in long-tongued bees. 

Similarly, an early summer freeze would be expected to have 

a differential effect on bees that rely heavily on Lupinus 

argenteus, an important early summer pollen producer with 

frost-susceptible inflorescences. Given some prior 

knowledge of resource availability and use, the species

level stochastic process approach presented here is capable 

of dealing on a simple level with the complex problem of the 

structure and dynamics of an assemblage of species with 

heterogeneous resource requirements in a heterogeneous 

environment. 

Island analogies 

Systems which are ostensibly non-insular have often 

been used to test or generate hypotheses in island 

biogeography (Janzen 1968,1973, Cairns et al. 1969. Strong 

1974. Abele and Patton 1976. Brown and Kodric-Brown 1977, 

Southwood and Kennedy 1983). In a broad sense, the arrival

departure process of a foraging assemblage of bees on 

flowers is analogous to the immigration-extinction process 

of species on islands. But because island populations 

maintain themselves by reproduction, it is not reasonable to 

assume that arrivals to island populations are independent 

or Poisson distributed in time. Ignoring the complex 

dynamics of island population size. and treating an island 
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species as being merely present or absent, the island analog 

of Equation (3.2) is 

P i (3.5) , 

where now Ai = the immigration rate, ~i = extinction rate, 

and Ti = mean time until extinction of species i (Simberloff 

1969, Gross and Harris 1974, pp. 67,268, Diamond and 

Marshall 1977. Gilpin and Diamond 1981; and Chapter 1). 

This equation assumes that immigration events are Poisson, 

while the extinction process may be of any form. Using 

these Pi's and the assumption of species independence, 

Equations (3.3) and (3.4) and the polynomial distribution of 

S are applicable to island communities. 

Note that the qualitative effect of Ti on Pi in Eq. 

(3.5) is positive, as it is in Eq. (3.2). Consequently, in 

analogy with bee departure rates from flower patches, we may 

infer that, if greater resource availability reduces 

extinction rates on islands, as it might do by increasing 

population sizes, islands with larger amounts of available 

resources should support more species. Elsewhere I have 

shown that species richnesses of plants, birds, mammals, and 

butterflies on islands and continents worldwide are 

conSistent with this expectation (Chapter 1, and ms. in 

preparation). Additionally, since resources and species 

resource utilizations on islands are heterogeneous, it is 
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reasonable to expect that, analogous to the experiments with 

foraging assemblages on Aconitum and Delphinium presented 

here, the presence or absence of species on an island, and 

their abundances, will be affected by the nature and 

quantities of the different resources available (Graves and 

Gotelli 1983). 

The mechanisms controlling immigration and extinction 

processes on islands are clearly different from those 

affecting arrival and departure rates of bees on flowers. 

Factors influencing species immigration rates include the 

dispersal tendencies and abilities of the species, distance 

of the island from source populations of the species, and 

the number of dispersing individuals produced by source 

populations. As for extinction processes, evidence is 

accumulating that extinction rate is strongly related to the 

population size that a species attains on an island (Jones 

and Diamond 1976, Terborgh and Winter 1978, Toft and 

Schoener 1983), which Is in turn affected by a large number 

of variables. The form of the functional dependence of 

extinction rate on population size, and the factors which 

shape that form, are important subjects needing further 

investigation. 

The species-level approach to community composition 

Several authors have recently called for increased 

attention to the autecology of individual species on 
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islands, as a means of understanding island biogeographic 

patterns (or the lack thereof: Connor and Simberloff 1979, 

Abbott 1983, Graves and Gotelli 1983, Haila 1983). 

Simberloff (1969), Gilpin and Diamond (1981), and Diamond 

and Gilpin (1983) have previously employed to advantage a 

species-level or "molecular" approach to immigration

extinction equilibria on islands, and my results with 

foraging assemblages of bees on patches of flowers 

demonstrate the robustness of the technique. The species

level equilibrium model is e s p e cia 11 y val u a b Ie in a 11 ow in g 

the incorporation of autecological effects on community 

composition and dynamics, and should find increasing use in 

ecology. 

Energy and community structure 

This chapter demonstrates that energy has a structuring 

influence on yet another level of subalpine bee community 

organization: the level, of foraging assemblages. Effects on 

this level ramify to others, e.g. via rates of foraging 

return (Chapter 2), competition with other bee species, and 

coevolution with flowers. In the Conclusion to this 

dissertation, I consider the interrelationships among the 

energy-related effects discussed in Chapters 1, 2, and 3. 
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The results I have presented herein suggest that future 

studies of ~ommunity structure, in bees and in other 

plausibly energy-limited groups, may benefit by taking into 

account the influences of resource availability on 

stochastic processes of community composition. 



CONCLUSION 

Chapter 1 suggested that available energy affects the 

number and kinds of species that are found in a habitat. 

specifically. in insular habitats. This effect is 

hypothesized to be mediated through elevated extinction 

rates of the smaller populations supported by a smaller 

energy supply. In Chapter 2. I showed that nectar 

availability had a strong influence on the foraging profits 

of Bombus appositus in Colorado. both on the individual and 

on the colony level. and argued that flower resource 

availability has an impact on population sizes of B. 

appositus and other bees. Chapter 3 demonstrated that 

foraging assemblages of bees on flowers respond to variation 

in reward availability in a manner consistent with that 

predicted by a stochastic arrival-departure process model. 

Que&tions now naturally arise about the inter

relationships of these results. For example: 1) Is 

species-energy theory relevant to subalpine bee community 

diversity? 2) Does the foraging assemblage affect or 

reflect bee foraging profits? 3) How are the foraging 

assemblage and the local bee community related? I will 

address these 3 questions briefly. 

1) Although it specifically refers to insular 

habitats. species-energy theory. like species-area theory. 
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can apply to an arbitrary area \-lhere inputs to and losses 

from the system can be clearly defined. This is true for 

the subalpine bee community, say, of the East River basin 

above the 2750 m contour (which contains the study area). 

Here, an input would be the immigration of a bee species not 

previously present in the basin, and a loss would be the 

extirpation of a bee species from the basin. Such 

immigrations and extirpations are known to occur (Inouye 

1976, Pleasants 1981, Bowers 1984; personal observation). 

Of course, the mechanisms underlying the input and loss 

processes differ from an island situation, so comparisons 

between systems must be drawn with care. This is especially 

true since, in non-insular habitats, the relative 

importances of different mechanisms varies with spatial 

scale: e.g., the contribution of reproduction versus 

immigration in maintaining the population within the area 

under consideration. 

Applying the equilibrium species-energy model to 

continental bee communities, we would expect that areas with 

greater total nectar and pollen supplies would support 

larger numbers of bee species. This assumes that larger 

rewards support larger bee populations, and that larger 

populations are less likely to become extirpated. According 

to Stephen et al. (1969 p. 67), IIBecause bees depend upon 

pollen and nectar for survival, we would expect to find the 
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greatest degree of species proliferation in those ecological 

zones having the richest entomophilous vegetation and the 

longest season for potential bee activity. In northwest 

America this is the Great Basin region, where bee achieve 

their varietal maximum." Bowers (1984) found that bumblebee 

species dlversity in insular subalpine meadows was 

correlated with area and floral resources. 

2) The foraging assemblage affects foraging profits in 

several ways. For example, the total number of bees in a 

patch generally has a negative effect on the profits of 

individual bees, since larger patch populations indicate 

higher per-flower visitation rates. Local bee abundance 

affects patch population sizes through its effect on arrival 

rate and due to competitive pressure on other flower 

species. Interspecific competition within an assemblage 

probably also has adverse effects on individual foragers' 

profits. I have ignored competitive effects on the foraging 

assemblage, in hopes that models of community composition 

and dynamics - models adequate for many applied and 

conceptual purposes - can be arrived at without considering 

the complexities of species-interactive effects. So far, 

this tactic has been reasonably successful. 

Certain aspects of the dynamics of the foraging 

assemblage reflect the profits that foraging bees obtain. 

In par tic u 1 a r , for a sin g 1 e flower s p e c i e s , bee s for agE) m 0 r e 

rapidly and have higher departure rates in less-rewarding 
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patches of flowers. This relationship may apply to some 

extent across flower species for the more catholic 

bumblebees, since larger rewards must be available for a bee 

to be willing to visit a flower at a lower rate. (Low 

visitation rates might be due to complex flower morphology 

or low dens i ty of tnf lorescences, for examp Ie.) Such 

considerations lead to a sort of "ideal free distribution" 

(Fretwell 1912) of bee abundances on flowers that vary in 

quality because of differences in their density, morphology, 

and production of rewards (Heinrich 1916a, Pyke 19130, 

Pleasants 1981). 

3) Figure 4.1 presents a schematic of some of the 

interrelationships between nectar and pollen supply, bee 

foraging assemblages, and the local bee community. In Table 

4.1 I have listed sources of empirical evidence for the 

e f f e c t s show n • 

To recapitulate, what I have presented in this 

dissertation are a general model of how available energy can 

affect species communities, and a rather detailed anatomy of 

energy-related effects in a subalpine community of bees: 

effects on behavior, foraging assemblages, and individual 

and colony foraging profits. Two aspects of the species-

dynamic approach I have taken are worth emphasizing. First, 

it can be applied on a general or on a specific level. The 
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TABLE 4.1: Evidence for effects depicted In FIgure 4.1 

Effect Source 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Hodges and Wolf 1981, Pyke 1978b, 1982b, 
Heinrich 1979b, Van Hoogenstyn (unpub
lished data); and this study (Chapter 3) 

Cibula and Zimmerman (unpublished data); this 
study (Chapter 3) 

This study (Chapter 3) 

This study (Chapter 3) 

Indirect evidence: Inouye 1978, Heinrich 1976a, 
1976b, Pleasants 1981; and this study 
(Chapters 2 and 3) 

This study (Chapter 2) 

Indirect evidence: discussed in Chapter 2 

* 

---* 
D.H. Wright, unpublished data 

* No empirical evidence for these effects in bee communities 
has been published, to my knowledge 
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species-level approach may prove to have increasing value in 

practical applications such as species conservation and 

artificial ecosystem design (Wright et al. 1984). Second, 

the recognition of energy availability as an essential force 

structuring ecological communities provides a unifying theme 

in ecology, forging connecting links with physiological, 

behavioral, and ecosystem-functional approaches. On a more 

profound level, if energy consistently proves to have 

important effects on species diversity in further rigorous 

tests, the species-energy ideas developed here have serious 

implications for our assessment of the global impacts of 

human resource diversion on the future of natural ecosystems 

on earth. 



APPENDIX A: Bombus apposltus nectar loads 

Gross Net 
Weight Departure load load 

Colony Bee (mg)a Date time (mg)b (mg)C 
------ --------- .... _---- --------- ----- -----

2 1ljljd(153) Aug 10 .1 lj3 3lj 

5 166 d (176) Aug 9.3 71 61 

3 3 192 d (205) 27 J ul 10.5 98 85 
3 Aug (15.8)e 98 85 

12 Aug 10;6 10lj 91 

7 155 d (165) 3 Aug 15.3 96 86 
12 Aug (10~0)e 53 lj3 

10 213 22 Aug 1 0 • lj 26 

3 1 71 22 Aug 9.2 30 

1 lj 20lj 22 Aug 9.5 3lj 

17 236 22 Aug 1 0 • lj 43 

20 251 22 Aug 9.2 2lj 

00 251 22 Aug 9.9 lj2 

).. 310 22 Aug 10.3 52 

p 260 22 Aug 9.5 51 

% 218 22 Aug 10.6 32 

1T 231 22 Aug 10 • 1 2lj 

+ 223 22 Aug 10.0 lj 1 

104 
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APPENDIX A, continued 

Gross Net 
Weight Departure load load 

Colony Bee (mg)a Date time (mg)b (mg)C 
------ --------- ------ --------- ----- -----

16 A 151 18 Aug 10.7 1 1 

B 149 d (159) 30 J ul 10.5 6li 54 

E 220 ( 231) 16 Aug 9.2 56 45 
16 Aug 10~8 98 87 
18 Aug 10;6 70 59 

F 194 (193) 30 J ul 9.8 86 87 

G 179 ( 207) 30 J ul 9.9 43 15 

H 232 d (247) 1 8 Aug 10.3 88 73 

I 163 ( 1 74) 16 Aug 11 .2 87 76 

a dissected weight (average departure weight) 

b return weight - dissected weight 

c return weight - average departure weight 

d dissected weight estimated from average departure weight 

e departure not observed; return time given in parentheses 



...... 
0 
0\ 

APPENDIX B: Bombus appositus foraging trip durations 
Trip durations in minutes; time of day of departure in parentheses. 

COLONY 1: 

Bee 28 J UL 
-----------

2 25.2 (16.2) 
14.5 (16.7> 

3 22.2 (16.2) 
12.8 (16.8) 

U 10.2 (16.3) 

5 

COLONY 3: 

Bee 27 J UL 
-----------

3 35.8 ( 9.8) 
30.9 (10.5) 

5 6.1 ( 9.7> 
4~2 ( 9~8) 

21.7 (10.0) 
11.3 (10.5) 

7 12.7 ( 9.9) 
9.8 (10.1) 

12.2 (10.3) 
13.9 (10.6) 

31 J UL 

17.8 (15.0) 
27.1 (15.4) 

3 AUG 

23.8 (16.6) 

34.2 (16.7) 

27.3 (15.3) 
21 (16.7) 

1 AUG 

16.0 (10.1) 

15.6 ( 9.3) 

12 AUG 

23.0 ( 8.7> 
9.6 (10.3) 

15.2 (10.6) 



COLONY 7: 

Bee 28 J UL 

2 

3 

4 

5 

6 

7 

9 28.6 (10.1) 
21 (10.6) 

10 

1 1 

12 

31 J UL 

23.0 (10.6) 

14.2 (10.5) 

8.0 (10.5) 
6.0 (10.7) 

APPENDIX B 

4 AUG 
-----------

37.4 (15.4) 

48.8 (16.6) 

20.0 (16.6) 

17 AUG 
-----------
59.6 (11.2) 

41 (10.5) 
49.9 (lL2) 

24.6 (10.6) 
42.5 (lL4) 

103.5 (10.2) 

84.7 (10.5) 

76.6 (10.6) 

34.8 (10.2) 
46.3 (11.1) 

32.8 (11.5) 

21 AUG 
-----------
31.7 ( 9.1) 
29.4 (11.6) 

61.0 ( 9.2) 
68~9 (10.3) 

9.3 ( 8.3) 
162.8 ( 9.4) 

I-' 
o 
-.,J 



APPENDIX B, Colony 7 continued 

Bee 28 J UL 31 J UL 4 AUG 17 AUG 21 AUG 
----------- ----------- ----------- ----------- -----------

13 53.5 (10.8) 19.2 ( 8.1) 
8.0 ( 8~4) 

29.8 ( 8.8) 
137;9 ( 9;3) 

14 29.3 (15.6) 63.7 (11.2) 84.1 (10.6) 
30.1 (16.6) 

15 90.4 9.2) 

Y 39.2 (10.4) 14.7 8.0} 
44.0 (11.1) 16.5 8.3) 

4 2 ~ 1 8.7) 
76.2 ( 9.4) 
62.2 (10.7) 

COLONY 10: 

Bee 24 J UL 1 AUG 15 AUG 22 AUG 
----------- ----------- ----------- -----------
23.4 (10.7) 39.4 ( 9.8) 47.9 ( 8.5) 

30.9 (15.8) 58.8 ( 9.3) 
66.5 (10.4) 

3 29.8 (15.6) 66 (10.1) 106.0 9.2) 

4 40.1 (10.1) 
24.1 (10.9) 

5 26.1 (10.2) 
23.3 (10.7) 
24.2 (11.3) ...... 

a 
(Xl 



Bee 24 JUL 

6 38.7 (10.4) 

7 34.9 (10.5) 

8 52.9 (10.2) 

9 4.6 ( 9.8) 

10 

1 1 24.9 (11.3) 

1 4 

15 

16 

17 

20 . 

21 

APPENDIX B, Colony 10 continued 

1 AUG 15 AUG 22 AUG 

46.8 (14.9) 148.7 ( 7.9) 
32.8 (15.7) 69 (10.4) 
39.2 (16.4) 

65.1 (10.8) 

43.1 ( 9.8) 13.4 ( 7.8) 
43.3 (10.5) 51.5 ( 8.6) 
36.0 (15.4) 99;0 ( 9.5) 
27.6 (16.5) 

22 (15.2) 

46.6 (15.8) 

29.6 (10.4) 

50.11 ( 8.2) 
91.2 ( 9.2) 

11 ( 7.9) 
115.6 ( 8.11) 

105.2 ( 9.3) 
I-' 

o 
1.0 



APPENDIX B, Colony 10 continued 

Bee 24 J UL 1 AUG 15 AUG 22 AUG 
----------- ----------- ----------- -----------

¢ 28.5 (10. In 23.8 ( 8.2) 
24.0 (15.3) 28.4 ( 8.8) 
8.8 (16.0) 64.6 ( 9.4) 

22.6 (16.5) 74.6 (10.6) 

" 43.0 (10.3) 85.0 ( 8.8) 
31.0 (15.1) 82- (10~3) 
29.3 (15.7) 
25;2 (16.2) 

7T 35.8 ( 9.8) 36.8 ( 8.5) 
44 (10.5) 49;8 ( 9.2) 
44.6 (15.0) 65.7 (10.0 
39.3 (15.8) 
32.8 (16.5) 

0 45.3 (10.5) 55.0 ( 9.3) 
22.2 (15.8) 

+ 40.8 ( 9.5) 71.6 (10.0) 
39.6 (10~3) 
37.6 (15.1) 
32;3 (15.8) 

* 51.0 8.9) 
69.0 9.8) 

'l 46.0 ( 9.8) 
53;7 (1 4 .8) 
45.7 (15.8) 

.... .... 
0 



APPENDIX B, Colony 10 continued 

Bee 24 J UL 1 AUG 15 AUG 22 AUG 
----------- ----------- ----------- -----------

00 21.3 ( 9.5) 40.4 8.3) 
30.5 ( 9.9) 48;1 9.0) 
32.9 (10.5) 87.7 9.9) 
34.4 (15~2) 
38.8 (15.9) 

P 94.3 9.5) 

G 95.7 7.8) 

COLONY 16: 

Bee 30 J UL 6 AUG 16 AUG 18 AUG 
----------- ----------- ----------- -----------

A 27.8 (10.7) 

B 16.6 ( 9.2) 10.9 ( 9.6) 78.8 (10.0) 
6.3 ( 9.5) 

24.0 (10.1) 

C 57.9 (10.6) 

D 22.8 (11.0) 52.3 (10.1) 
25~6 (11.6) 

E 12.3 (10.1) 34.7 ( 9.2) 23.8 (10.5) 
42.2 (10.1) 
42.3 (10.8) 

G 7.7 ( 9.4) 55.3 (10.5) 
..... ..... 
..... 



Bee 30 J UL 

H 

I 

J 

U 

APPENDIX B, Colony 16 continued 

6 AUG 

29.3 ( 9.9) 
33.9 (11.1) 

15.2 ( 9.5) 
12.0 (10.0) 
7.2 (10.3) 
9.2 (10.4) 

29.8 (10.8) 

10.2 ( 9.7) 

16 AUG 

51.1 ( 9.7) 
51.8 (10.6) 

57.3 (10.2) 
65.0 (11.2) 

18 AUG 

19.9 ( 9.8) 
14~3 (10.1) 
16.7 (10.4) 

..... ..... 
N 
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