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HABITAT SELECTION BY TWO SPECIES OF
NECTARIVORE: HABITAT QUALITY ISOLINES!

HUGH P. POsSINGHAM?
Ecosystem Dynamics Group, Research School of Biological Sciences,
Australian National University, GPO Box 475, Canberra City 2601 Australia

Abstract. 1 present a model predicting the distribution and abundance of two species
of competing nectarivore exploiting nectar in two types of flower. The model uses a sub-
model of resource renewal and depletion, and the principle that individuals attempt to
maximize individual fitness, to construct habitat isolines. The habitat isoline for a popu-
lation of nectarivores is a line in an abundance phase-plane along which all individuals of
the population, regardless of the habitat they are currently exploiting, have equal expected
fitness. At equilibrium the habitat isoline determines the distribution of a population
between two habitats given a fixed abundance of competitors. The habitat isolines for
populations of two species exploiting two habitats can be used to predict the equilibrium
distribution of both species. I illustrate the model using data about bumble bees foraging
for nectar in flowers (Inouye 1978).

An asset of the model is its ability to make a priori predictions about flower exploitation
patterns using information about resource dynamics and the foraging abilities of the nec-
tarivores.

Two warnings regarding the empirical detection of exploitation competition between
species emerge from the model analysis. Depending on the range over which density
manipulations are carried out in exploitation competition systems, competition may or
may not be detected, while interspecific competition may or may not appear to be more

intense than intraspecific competition.

Although the model is directed at nectarivores competing for nectar in flowers, the
results have wider implications for all systems where species compete exploitatively for

resources.
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INTRODUCTION

Fretwell and Lucas (1970) present a theory for the
distribution and abundance of mobile organisms based
on the premise that individuals maximize their ex-
pected lifetime fitness. According to their “ideal free
distribution” theory, individuals of a species distribute
themselves between habitats so that no individual can
increase its fitness by changing habitat. The theory rep-
resents a significant step towards the integration of
behavioral and population ecology.

Habitat selection theory uses the premise that in-
dividuals attempt to maximize their fitness, to provide
a framework for understanding the distribution and
abundance of competing species. Several authors have
used the idea of habitat selection to make qualitative
predictions about the distribution and abundance of
two competitors (Lawlor and Maynard Smith 1976,
Rosenzweig 1979, 1981, Pimm and Rosenzweig 1981,
Brew 1982, Rosenzweig and Abramsky 1985, Brown

' Manuscript received 21 September 1990; revised 18 No-
vember 1991; accepted 20 December 1991.

* Present address: Department of Applied Mathematics, The
University of Adelaide, GPO Box 498, Adelaide, South Aus-
tralia 5001 Australia.

and Rosenzweig 1986, Morris 1987). In some cases
these predictions are used to interpret field data (e.g.,
Ford and Paton 1986). In particular Pimm et al. (1985)
use “‘isoleg” theory to describe the way in which three
species of hummingbird distribute their foraging ac-
tivities between good and poor patches (nectar feeders,
in this case). To predict the preferences of each species
given the density of each species, an isoleg diagram
was produced from field data. The theory is a useful
way of summarizing and understanding the process of
habitat selection but it does not make a priori quan-
titative predictions.

In this paper I present a mechanistic theory of flower
choice by competing nectarivores. The theory is based
on a model of resource renewal and depletion (Pos-
singham 1988) and the assumption that individuals
maximize their net rate of energy gain. A novel aspect
of the theory is the construction of habitat quality iso-
lines, which are lines in a phase-plane of species den-
sities along which both habitats are perceived to be of
equal quality to a particular species. The model is dif-
ferent from “‘isoleg” theory, but qualitatively similar
in its outcome.

I begin by discussing density-dependent floral choice
by a single species of nectarivore. This serves to intro-
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duce the parameters of the model, and the model of
resource renewal and depletion. A two-species model
is constructed and illustrated using data collected by
Inouye (1978) about two species of bumble bee foraging
for nectar in two species of flower.

Throughout the paper I assume that the nectarivore
is a bee and the habitat that an individual bee chooses
to exploit is equivalent to the flower type (species or
group of similar species) on which it specializes. De-
spite this specific terminology the model could be ap-
plied to other situations involving nectarivores ex-
ploiting nectar sources. Indeed, the model could be
applied to any ecological system involving exploitation
competition for renewing resources by two species.

SINGLE-SPECIES MODEL

The number of bees foraging on different flower types
will depend on the costs and rewards associated with
exploiting those flower types. The reward offered by a
flower type will, in turn, depend on the number of bees
using that type of flower. In this section I present a
model that predicts the number of bees using each type
of flower given a total population of bees and the prop-
erties of the flowers they are exploiting.

Consider a population of bees exploiting nectar se-
creted by a single type of flower. If N is the total number
of active foragers, 7 is the average time spent travelling
to and exploiting the nectar in a flower, P is the number
of flowers, and X is the average rate of nectar secretion
by the flowers (energy per unit time), then, at equilib-
rium, the mean energy obtained from a flower by a bee
(Pleasants and Zimmerman 1983, Possingham 1988,
1989) is

i = \P1/N. )

Assuming a bee uses energy at an average rate e, the
expected long-term net rate of energy gain (E) of a
bee is

E=ut — e=\P/N — e )

Suppose that the bees consume nectar in two types of
flower, type a and type b, which have abundances P,
and P,, respectively. Assume that the rate at which
energy is expended, e, is independent of the type of
flower being exploited, and that individual bees tend
to specialize on particular flower types (Heinrich 1976,
Inouye 1978). Ideal free distribution theory suggests
that individuals of a single bee species should distribute
themselves between the flower types so that the net
rates of energy gain of bees specializing on different
flower types are equal. Mathematically this is true if

B!/ Ty = M/ Ths 3)

where y, is the mean nectar content of flowers of type
J. and 7, is the mean time spent exploiting flowers of
type j. (This theory also applies to a single species of
nectarivore using many flower types; Pleasants 1981.)

It is convenient to summarize the relative produc-
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tivities of each flower type by R, the ratio of total nectar
production by all flowers of type a to total nectar pro-
duction by all flowers of type b,

R =\,P,/\P,. 4)

Given a constant total number of bees, the number of
bees using each flower type is obtained algebraically
by combining Egs. 1 and 3 (see the Appendix: Section
I).

N,=NR/( + R) (5a)

N, = N/(1 + R), (5b)
where NV, is the number of bees using flower type a and
N, is the number of bees using flower type b, so N, +
N, = N. In this model the number of bees using a
particular flower type is determined by the relative
productivity of each flower type. The time spent trav-
elling to and extracting the nectar from the two flower
types, 7, and 7,, does not affect the proportion of the
total bee population in each habitat (Pleasants 1981).

TwoO-SPECIES MODEL

Consider the more complex case of two species of
bee and two types of flower. As before, I use ideal free
distribution theory to predict the number of each spe-
cies using each flower type.

Model

Let the species of bee be indicated by the numbers
1 and 2, so that the total number of bees of species i
is NV, and the number of bees of species i using flower
types a and b are N, and N,, respectively. I will use i
as the generic subscript for bee species, and j as the
generic subscript for flower type. The mathematical
problem is to determine, at equilibrium, the number
of bees of each species using each flower type.

At equilibrium the net rate of energy gain of bees
using flower type a is equal to the net rate of energy
gain of bees using flower type b, for both species, if

Mo/Tiy = mp/Ty  fori=1,2. (6)

The mean energy content of flowers of type j depends
on the number of bees of each species using that type
(see the Appendix: Section II).

AII)/

=N forj=a b 7
N/, + Nojits, rJ=a )

K

Substituting Eq. 7 into Eq. 6 for both i, and removing
the variables N,, by remembering that the total number
of bees is conserved,

N! = NlLl + NI/H (8)

yields two equations, one for each species, which ex-
press the number of one species using flower type a as
a function of the number of the other species using
flower type a (see the Appendix: Section III).
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_R(N.B + N,)) (BR + A)N,,

N, =
M R+ 1 R+ 1

(9a)

_ARN.B + N)) (B + ARN,,
2 ABR + 1) AB(RR + 1) °

-

(9b)

where B = 7,,/7,, and 4 = r,,/7,, reflect the relative
efficiencies with which each bee species exploits each
flower type. ¢

The habitat quality isolines

I refer to Egs. 9a and b as habitat quality isolines
because they are lines in (V,,, N,,) phase-space along
which the quality of both flower types is equal for
species 1 and 2, respectively. Eq. 9a determines the
number of bees of species 1 in habitat a, N,,, for a
fixed number of species 2 in habitat a, N,,; Eq. 9b
determines the number of bees of species 2 in habitat
a for a fixed number of species 1 in habitat a.

Superficially it appears that the solution to the prob-
lem is found by solving the two linear Egs. 9a and b
for the two variables N,, and N,,. However, as the
isolines never intersect (except in the improbable case
4 = B, see the Appendix: Section IV), this method of
solution fails.

The solution to the problem relies on an understand-
ing of the meaning of each isoline. If Eq. 9a is true,
then bees of species 1 find each flower type equally
profitable. (Note that N,, also determines the number
of bees of species 1 using flower type b, because there
is a fixed total bee population size N,.) For a fixed
number of species 2 using flower type a (fixed »,,), an
increase in V,, above habitat quality isoline 1 will re-
duce the net rate of energy gain of species 1 bees using
flower type a below that of species 1 bees using flower
type b. At this point some bees of species 1 should shift
their floral preference to type b until Eq. 9a is true.
This concept is illustrated in Fig. 1. Arrows above and
below the habitat quality isoline indicate the change
in behavior of some bees of species 1 given a fixed
floral preference of species 2. The equilibrium distri-
bution of species 1 for a fixed number of bees of species
2 using flower type a is determined by the habitat is-
oline for species 1.

It is also possible to plot an isoline for species 2 as
a function of N,,and N,,, Eq. 9b. If the current species
distribution lies at a point to the right of isoline 2, then
some bees of species 2 should shift their preference
away from flower type a. Having constructed these
isolines we can graphically determine the equilibrium
flower type preference of each species in a fashion sim-
ilar to the way in which phase-plane analysis is used
to determine equilibrium points for two simultaneous
differential equations, Fig. 2.

Without loss of generality assume that B > A, which
written in full is 7,,/7,, > 7,,/7,,. In this case isoline 1
will always lie above isoline 2. The isolines never meet
and isoline 1 is steeper than isoline 2. The values of
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SOLUTION FOR A FIXED
~NUMBER OF SPECIES 2
7 INHABITAT a

ISOLINE 1

NUMBER OF SPECIES 1 IN HABITAT a

NUMBER OF SPECIES 2 IN HABITAT a

FiG. 1. Habitat quality isoline for species 1. When the
number of bees of species 1 using flower type a is above the
isoline, bees of species 1 using flowers of type a have a lower
net rate of energy gain than their conspecifics using flower
type b. Similarly, if the number of bees using flower type a
has a value so that the joint abundance lies below the habitat
isoline, bees of species 1 should change preference from flower
type bto flower type a. The arrows above and below the isoline
indicate the movement of individuals of species 1 from the
poorer habitat to the better habitat. If the number of indi-
viduals of species 2 is fixed, then the intersection of the dashed
line with the isoline predicts the equilibrium flower preference
of species 1.

the intercepts and slopes of the respective isolines are
indicated in Fig. 2 (see the Appendix: Section III). If
there were no constraints on the values of N,, and N,,,
then the solution to the problem would be found by
following the arrows to the stable point: N,, = (RN, +
RBN,)/(R + 1), N,, = 0, which forces N,, = (N, —
RBN,)/(R + 1), N,, = N,. However, the total number
of bees of either species using either flower type cannot
be more than the total number of bees of that species.
Depending on the relationship between these con-
straints and the isolines, there are three types of so-
lution to the problem, each of which is qualitatively
distinct. Before discussing these solutions it is helpful
if we first consider the case in which these constraints
are ignored.

In absence of constraints bee species 2 is restricted
to flower type b, while bees of species 1 are found on
both flower types. The crucial inequality is, B > 4. A
measure of the efficiency with which each species uses
each flower type is 7, the time it takes a bee of species
i to use a flower of type j. As stated above, B and 4
reflect the relative efficiencies of each species using each
flower type. For example, if B = 7,,/7,, > 1 then 7,
< 7,, and species 2 takes less time to consume the
nectar in a flower of type b than species 1; and con-
versely for B < 1. The parameter 4 has an equivalent
interpretation with respect to flowers of type a. Now
if B > A, then the ability of bees of species 2 to use
flowers of type b relative to the ability of bees of species



