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Synopsis. Territoriality is an integral part of breeding behavior in many animals. Because
the reproductive success of territorial males is often limited by access to females, breeding
males should behave as “‘area maximizers” when the basis of female choice is either the
abundance of resources within the territory or territory area per se. Being reproductively
more limited by energy, territorial females should be “‘energy maximizers.” A series of
simple analytical models of territory area for such foragers is developed to explore how
changes in local food production and/or local competitor density affect both the proba-
bility of a territorial male securing more than one mate (polygyny) and the probability of
his and his mates’ reproductive success increasing. Two cases are modeled (only males
territorial vs. both sexes territorial), each for various sets of assumptions regarding inter-
actions between food production, feeding efficiency, and competitor density. Concurrent
responses in territory area, territory food reserves, net energy gain, and time budgeting
provide testable sets of predictions for each scenario. Where only males are territorial
(Case I), changes in food production can have different (indeed, opposite) effects upon an
individual male’s probability of becoming polygynous, depending upon whether the basis
of female choice is the abundance of food within the territory or another factor positively
correlated with territory area. Increases in competitor density usually decrease the prob-
ability of polygyny regardless of the basis of female choice. Where both sexes are territorial
and territories overlap intersexually (Case II), the mating system becomes a function of
the number of female territories within each male’s territory, which varies with the ratio
of male to female territory areas. In this case, the probability of polygyny occurring will
increase if food production for both sexes increases without concurrent increases in com-
petitor density, and will decrease if competitor density for both sexes increases without
concurrent increases in feeding efficiency. Few data are presently available to test either
these general predictions or numerous sets of secondary predictions tabulated in the text.
Available evidence is largely consistent with the models, but mostly circumstantial. This
is because the predictions of these and other models of territory area are strongly assump-
tion dependent, and few published studies have investigated these assumptions. These
analyses demonstrate that to accurately assess the mechanisms by which environmental
factors affect territory area, and thus mating systems, tests of the underlying assumptions
of models are essential.

INTRODUCTION

Feeding territoriality, in the general
sense of an animal defending its foraging
area (which may include other resources),
is an integral part of breeding behavior in
many species. Most field studies have
focused on two breeding situations involv-
ing feeding territories. In the first (here-
after, Case I), only males are territorial. At
the onset of the breeding season, females
distribute themselves among territories, so
the mating system depends upon the num-
ber of breeding females settling in each
male’s territory. In the second situation

' From the Symposium on Territoriality: Conceptual
Advances in Field and Theoretical Studies presented at
the Annual Meeting of the American Society of Zool-
ogists, 27-30 December 1984, at Denver, Colorado.

(Case II), both sexes defend individual ter-
ritories. Here, the mating system depends
upon the number of female territories
included within each male’s territory. In
both situations, a polygynous mating sys-
tem results when a male secures two or
more mates.

This paper explores how factors affect-
ing territory area might influence the mat-
ing system and reproductive success of
individuals in both of the above situations.
I do not propose that territory area is the
most important determinant of mating sys-
tems; obviously, many interacting factors
are involved (Vehrencamp and Bradbury,
1984). My goal is to examine the role of
this particular factor. My approach extends
a set of simple analytical models originally
designed to predict how changes in food
production and competitor density affect
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feeding-territory area, energetic relation-
ships, and time budgeting (Hixon, 1980).
These models have been successful in pre-
dicting the territorial dynamics of migrant
hummingbirds (Carpenter et al., 1983:
Hixon et al., 1983). Applying such models
to breeding animals should allow field
workers to test the validity of this approach
for studying the determinants of mating
systems. A major conclusion of this analysis
1s that the predictions of the models are
highly assumption dependent, so I include
a thorough discussion of the assumptions
and their consequences.

FORAGING, REPRODUCTION, AND
TERRITORY AREA

Betore developing the models mathe-
matically, the predicted effect of natural
selection upon feeding-territory area in
breeding animals must first be examined.
This requires a determination of the gen-
eral foraging mode of females versus males
at the onset of the breeding season when
the mating system is established. Despite
the empirical difficulties of such determi-
nations (Hixon, 1982), some general
expectations can be derived from basic
principles. Schoener (1971) convincingly
argued that the reproductive success of
temales should most often be limited by
energy rather than by any other resource.
He coined the term energy maximizer to
describe the predicted female foraging
behavior. Subsequently, modelers defined
the optimum territory area for such for-
agers to be that which provided a maxi-
mum net energy gain in terms of the gross
benefit derived from the food within the
territory minus the cost of defending that
territory (e.g., Dill, 1978; Ebersole, 1980;
Hixon, 1980; Schoener and Schoener,
1980; Schoener, 1983). Thus, in situations
where females defend long-term individual
teeding territories, it is reasonable to expect
that selection will favor those individuals
defending areas closest to the optimum for
energy maximizers.

Schoener (1971) predicted further that,
unlike females, a nongrowing male should
forage as a time minimizer. Because the
reproductive success of males is more often
limited by access to females than by energy
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(Bateman, 1948; Trivers, 1972), males
should have relatively fixed energetic
requirements. Further, a breeding male
especially should obtain these require-
ments In 2 minimum amount of foraging
time, thus freeing time for courtship and
other activities immediately contributing
to his reproductive success. Exactly how a
territorial male should spend this extra time
depends upon whether or not females are
also territorial, and whether or not mate
choice is operating.

Case I: In situations where only males are
territorial and female choice of mates occurs,
the basis of female choice becomes impor-
tant. Females may select mates on the basis
of three general criteria, either alone or in
combination:

(1) Females may base their choice solely upon
some quality of the male himself, in which case
male territory area is unimportant (Weath-
erhead and Robertson, 19774, b). If females
choose males that spend the most time and
effort in courtship activities independent
of territorial behavior, then a male should
defend a foraging area just large enough
to provide his own energy requirements
(Hixon, 1980). In some circumstances, this
may ultimately lead to the evolution of leks,
where the male’s “‘territory” is simply a
courtship display station and no longer a
tforaging area (Bradbury, 1981). This sit-
uation will not be further discussed in this
paper.

(2) The basis of female choice may be the
abundance of some resource within the male’s
territory independent of territory area (Brown
and Orians, 1970). In this situation, the
male defending the most resource may
secure the most mates, resulting in
“resource-defense polygyny” (Emlen and
Oring, 1977). Hence, a male should invest
his time in defending the largest area pos-
sible, thereby including as much of the
resource as possible within his territory
(Hixon, 1980). Males with the largest ter-
ritories will not necessarily secure the most
mates, since a small territory in a dense
patch may contain more of the resource
than a large territory in a sparse patch.
However, the best that a male can do in a
given patch is to defend the largest area
possible.
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(3) The basis of female choice may simply be
the area of the male’s territory independent of
resource density (O’Donald, 1977). Here, a
male should obviously defend the largest
area possible, and males with the largest
territories should secure the most mates.

Therefore, when the basis of female
choice is either the abundance of some
resource within the male’s territory or sim-
ply the area of the territory itself, a male
should still forage as a time minimizer, but
should maximize the number of females he
secures, and thus his potential reproduc-
tive success, by defending as an area max-
imizer (sensu Hixon, 1980). Thus, he should
invest most of his “free’” time in territorial
activities rather than in courtship per se.

Case II: In situations where both sexes are
independently territorial, temale choice 1s not
as important in determining mating sys-
tems as the pattern of spatial overlap among
territories (Stamps, 1983). Here, the larger
the male’s territory, the greater the prob-
ability that his territory will include more
than one female area, and thus that he will
secure additional mates. Again, the male
should forage as a time minimizer, but
defend as an area maximizer (Hixon, 1980).

Thus, in modeling breeding situations
where territory area is important, I will
assume that males are ‘“‘area maximizers’
(Cases I and II) and that territorial females
are “‘energy maximizers’’ (Case II only). In
each case, [ will derive expressions describ-
ing the determinants of territory area and
other parameters relevant to reproductive
success. 1 will then use these expressions
to predict how differences (either between
territories at the same time or between
times within the same territory) in both
food production and competitor density
will affect territory area and time budget-
ing. Finally, I will use these predictions to
determine concurrent changes in, first, the
:)r{:-bability of a territorial individual mat-
ing polygynously, and second, the proba-
bility of that individual’s reproductive suc-
cess increasing. I will show that these two
probabilities do not always covary. I will
conclude each section with a review of the
few data that are available to test these
ideas and close with a brief discussion of
approaches for further field tests. I encour-

age those empiricists who do not read the
models to at least read the final section of
this paper.

ASSUMPTIONS

The following sets of major assumptions
of the models will allow field workers to
determine, a priori, the extent to which the
generated predictions are relevant to their
particular systems. Presenting these
assumptions in detail is important because
the predictions of territory-area models are
notoriously assumption dependent (see also
Schoener, 1983; McNair, 1987; Schoener,
1987). Subtle changes in assumptions can
produce dramatic shifts in predictions, so
matching each study system with the
appropriate model 1s essential for mean-
ingful field tests. As noted below, some
assumptions are more important than oth-
ers.

For easy reference, the symbols and units
of the parameters used in the models are
defined in Appendix I. Also listed in that
appendix are some basic relationships
between the parameters, which are self-
explanatory and should be reviewed betore
proceeding beyond this section.

(1) The system is deterministic and equailib-
rial. Although simplistic, this assumption
has been shown to be reasonable for sys-
tems that undergo considerable short-term
fluctuations, such as hummingbird terri-
tories (Hixon et al., 1983). Moreover, Lima
(1984) has shown theoretically that a for-
ager comparable to an energy maximizer,
i.e., an animal that is selected to minimize
1tS prﬂbablllty of starvation in a stochasti-
cally variable environment, responds to
changes in food production and competi-
tor density in virtually the same ways as an
energy maximizer in a deterministic sys-
tem (Hixon, 1980; see also McNair, 1987).
Adequate models of area maximizers in a
stochastic system have not been developed.
Ultimately, whether the environment var-
ies deterministically or stochastically 1s not
as important as whether the territory occu-
pant can track that variability.

(2) Each territory occurs within a patch that
is homogeneous with respect to the distribution
of food, other resources, and competitors. This
assumption greatly simplifies the mathe-
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matics of the model, and violations do not
strongly alter the predictions. Thus, at any
given rate of tood production (F), the daily
availability of food within the territory, the
time required to consume that food (7)),
and the energy potentially obtainable from
that food (E,) will all increase linearly with
territory area (Fig. 1A). Therefore, should
F 1increase, the slope of the E, curve will
increase. The slope of the T, curve will also
increase if F increases without a compen-
satory increase 1n the feeding efficiency (f).
.Despite the assumed homogeneity within
patches, the overall habitat may be heter-
ogeneous. Thus, the model allows for vari-
ations 1n territory quality, some patches
containing more densely distributed
resources than others.

(3) In the case of energy maximizers, the total
daily food production within the territory is con-
sumed by the territory occupant; tood does not
accumulate within the territory. As shown
and discussed below, this may not be true
for area maximizers, who will save a certain
amount of food energy within the territory
each day (E;). This spare tood will accu-
mulate unless it is consumed by the terri-
tory occupant’s mate(s).

(4) The primary competitors in terms of the
cost of territorial defense are nonterritorial indi-
viduals. This assumption takes into account
the fact that territorial neighbors often
habituate to each other’s presence after
territory establishment (review by Hixon,
1980; see also Getty, 1987). I also assume
that territorial defense effectively excludes
all intruders, which will be true when the
occupant can readily survey and quickly
move about the entire territory (e.g., small
territories in open habitats). Finally, I
assume that at any given competitor den-
sity (C), the temporal (7,) and energetic (E,)
costs of defense increase linearly with ter-
ritory area (Fig. 1A; see Hixon [1980] for
details). Thus, should C increase, the slopes
of the T, and E, curves will also increase.
Schoener (1983) considers the effects of
relaxing the assumption of linearity for ter-
ritory-area models. In some cases, shifting
from linearity to nonlinearity may alter the
resulting predictions. However, linearity
will be retained here for two reasons. First,
virtually no data are available to determine
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whether linear or nonlinear functions are
more common In nature. Second, available
data do indicate that linearity adequately
describes these functions in migrant hum-
mingbirds (Carpenter e¢f al., unpublished),
and linearity has proven to be a reasonable
assumption for modeling territory area in
these animals (Hixon et al., 1983). In any
case, because the predictions of the models
may sometimes be changed by altering the
shapes of the functions, it 1s important to
determine empirically the relationship
between defense costs (time or energy) and
territory area for any study system. The
linear models presented here can be retfor-
mulated to fit nonlinear situations using
the same conceptual approach.

(5) The time scale over which benefits and
costs are measured is one day. Obviously, this
may be unrealistic for some systems (Davies
and Houston, 1984). The model can be
adjusted by redefining the parameters on
a different temporal basis (e.g., weekly
rather than daily). Provided that temporal
Aluctuations in the parameter values are not
too great, this adjustment eliminates prob-
lems associated with the future ‘“‘prospec-
tive value” of the territory (sensu Stamps
and Tollestrup, 1984), and does not affect
the resulting predictions.

(6) The models consider the period of the
breeding cycle after territory establishment when
mates are being chosen, before young are present
and any parental care 1s required. 'Thus, the
individual’s activity budget involves a fixed
amount of time each day required for nec-
essary courtship or self-maintenance activ-
ities independent of territory area. The
remainder of the day (77;) i1s spent either
defending the territory (7,) with 1its asso-
ciated energetic cost (E,), or feeding within
the territory (7)) with its associated ener-
getic benefit (E,), both of which vary with
territory area as depicted in Figure 1A.
With all environmental factors held con-
stant, 7, (and thus E,) must always increase
with increasing territory area (A) for ter-
ritoriality to persist; otherwise, the added
area would be undefended. Therefore,
beyond some critical area (A" 1in Fig. 1A),
any further increase in A will result in a
decrease in T, (and thus E)) as defense costs
necessarily increase; only at or below A’ can
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Structural framework of the models. A. Time relationships (top) illustrating the time constraint, such

that below A" the T, curve can equal 7,, while above A’ the T, curve becomes (T, — T,). Energy relationships
(bottom) 1llustrating the range of territory areas where Ey is positive. Because of the time constraint, the E,
curve equals £, below A’, but descends above A’, resulting in the defense of spare food energy reserves (Ej).
See Appendix [ for definitions of symbols. B. The baseline system for a male area maximizer. The optimal
territory area (A) is the largest which supplies the fixed energy requirement (E,,), thus maximizing Es (i.e.,
Es,.). C. The baseline system for a female energy maximizer. The optimal territory area (A) is that which
supplies the maximum net energy gain (Ey,,.). For both foragers the time budget at A is indicated for feeding

(1)) and detfense (T).

I,=T, and E, = E, (Fig. 1A). In other
words, there are only so many hours in the
day, so beyond a certain territory area an
Increase in one activity (defense) will be at
the expense of another (feeding). Thus,
these models assume the existence of time
constraints. (Schoener [1983] also consid-
ers ‘‘processing constraints,”’ such as satia-
tion, which will not be modeled here.) The
net result 1s a finite range of territory areas
where the daily net energy gain from ter-
ritorial activities (Ey) is positive (Fig. 1A).
Further, above some critical territory area
(A’), the territory will contain spare food
energy (Es) available for potential mates
(Fig. 1A).

(7) The animal can expand and contract its
territory in response to accurately perceived
environmental changes. 1t the territory either
1s contiguously surrounded by other ter-
ritories (Hixon, 1980) or occupies a patch
surrounded by unproductive or inhospit-

able habitat (the ““hard edge’ of Stamps et
al., 1987), then changes in territory area
may be constrained by external factors
beyond the occupant’s control. In such
cases, it may be worthwhile for the animal
to establish a fixed territory of sufficient
area to see it through the worst possible
conditions (von Schantz, 1984). I also
assume that changes in territory area are
not strongly constrained by either travel
time or risk of predation. This assumption
may be violated in situations where either
central-place territories are large (see
Andersson, 1978) or predators are abun-
dant (see Covich, 1976).

(8) Competitor density in the vicinity of the
territory may vary independently of food pro-
duction (e.g., Mares et al., 1982, Mares and
Lacher, 1987) or increase with food produc-
tion (e.g., Myers et al., 1979; Hixon et al.,
1983). I will model both situations sepa-
rately, assuming a linear relationship when
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competitor density increases with food
production. Whether the curve describing
the increase of competitor density with
increasing food production is linear, accel-
erating, or decelerating can sometimes
affect the resulting predictions. I will indi-
cate these effects.

(9) The feeding efficiency of the territory occu-
pant (1), in terms of the biomass of food con-
sumed per unit feeding time, may either be
constant or increase with food density. 1 will
model both situations separately, assuming
a linear relationship when feeding effi-
ciency increases with food production.
Again, the shape of the curve describing
the relationship between food production
and feeding efficiency can sometimes affect
the resulting predictions. I will indicate
these effects.

MODELS

Because of Assumptions (8) and (9) above,
there are five possible environmental sce-
narios that must be modeled: (1) a change
in food production (F) alone; (2) a change
in F that concurrently affects feeding effi-
ciency (f); (3) a change in F that concur-
rently affects both f and local competitor
density (C); (4) a change in F that concur-
rently affects C but not f; and finally, (5) a
change in C alone. Before considering each
scenario, general expressions describing the
optimal territory area (A) for both sexes,
the spare food energy defended by area-
maximizing males (E,,,), and the net
energy gain of energy-maximizing females
(Exmax) must first be derived.

The optimal (i.e., largest possible) terri-
tory area for an area-maximizing male can
be derived by manipulating the following
basic relationships outlined in Appendix I:

By = Ef‘ ~E, = fxﬁ’ N fad .
= (T, — CA)fy — CAtd

Solving for A:

A‘* o Trﬁ’ "_ E?{ﬁx (1 )
Ci(fy + d)

By definition, the amount of spare food
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energy saved within an area maximizer’s
territory each day is:

ES?nax=Ea_Ef=F‘€y—fﬁﬁ .
= FAy — (T, — CAOfy (2)

The optimal (i.e., Ey maximizing) terri-
tory area for an energy-maximizing female
can be derived by similar manipulations of

the relationships summarized in Appendix
I:

Tr=T,+ T,=FA/f + CAt
Solving for A:

Iy
(F/f) + Ct

Because E, = E, for an energy maximizer,
the daily net energy gain of this forager is:

Eypax = E, — E, = FAy — CAid  (4)

=y
I

(3)

These key variables (equations 1-4) are
illustrated graphically in Figure 1B for a
male area maximizer and Figure 1C for a
female energy maximizer. To determine
how these variables change with each of
the above five scenarios one must, first,
incorporate the expressions f=k,Fand C =
koF Into equations (1-4), and second, cal-
culate the derivative of each expression
with respect to the given independent vari-
able. This procedure is summarized in
Appendix II. If the sign of the first deriv-
ative is positive, the dependent variable
increases as the independent variable
increases, and vice versa. If the first deriv-
ative is zero, the ‘“‘dependent variable” is
constant with respect to changes in the
independent variable. Thus analyzed, the
predicted changes of A, E,,,., and E,, . in
each of the five scenarios are listed in Table
I (discussed below). Improving on my orig-
inal graphs (Hixon, 1980), Schoener (1983)
has illustrated the dynamics of these pre-
dictions for energy maximizers in Scenario
(1) (his Fig. 2), Scenario (4) (his Fig. 7), and
Scenario (5) (his Fig. 4).

T'o determine predicted changes in the
time budgets (daily feeding time [7}] and
defense time [7,]) of males and females in
each of the five scenarios, a similar anal-
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s1s 1s used. The major expressions are that

T, = CAt for both sexes, that 7, = T, =
FA/f tor females only, and that due to the
time constraint 7,= T, — T, for both sexes.
Thus analyzed, the predicted changes in
the time budgets of both sexes in each of
the five scenarios are also listed in Table
1. I will now consider these predictions in
terms of the resulting mating system and
reproductive success of individuals in the
two kinds of territorial systems.

CASE I: ONLY MALES TERRITORIAL
Emmp!ﬁj

This situation appears to be common in
birds (review by Wittenberger, 1981). Typ-
ically, males arrive at the breeding gmunds
first and establish individual territories.
Arriving females then distribute them-
selves among the males’ territories, pre-
sumably basing their choices upon the rel-
ative qualities of the territories. The classic
Verner-Willson-Orians model illustrates
how relatively large differences in territory
quality will select for females mating polyg-
ynously with the occupant of a high-quality
territory rather than monogamously with
the occupant of a low-quality territory
(Verner, 1964; Verner and Willson, 1966;
Orians, 1969). Recent reviews indicate that
such resource-defense polygyny also occurs
in insects (Thornhill and Alcock, 1983) and
possibly anuran amphibians (Wells, 1977;
Arak, 1983). Isolated cases may also be
found in fishes inhabiting coral reefs
(Fricke, 1980; Schmale, 1981), temperate
reefs (Jones, 1981; Cole, 1984), and fresh-
water habitats (Assem, 1967; Constanz,
1975), as well as in some lizards (Schoener
and Schoener, 1980, 1982) and large mam-
mals (Jarman, 1974). In nonavian verte-
brates, the males are often territorial year-
round.

As argued above, when temales in Case
[ base their choice of mates upon male ter-
ritory quality, the parameters determining
a male’s reproductive success will be ter-
ritory area (A) and/or the food reserves
included within the territory (E5). The
greater the value of A and/or Eg an indi-
vidual male can maintain relative to all
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other males in the system, the greater is
the probability of that male becoming
polygynous. Ultimately, the exact proba-
bility depends upon a variety of factors
acting in concert with male territory qual-
ity (Vehrencamp and Bradbury, 1984),
including the operational sex ratio (Emlen
and Oring, 1977). Because such factors may
be beyond the control of an individual male,
his best option is to maximize A and Eg by
being an area maximizer in the most
resource-rich microhabitat he can defend
(Fig. 1B).

Studies of birds provide four lines of cir-
cumstantial evidence that males 1in Case I
behave (or should behave) as area maxi-
mizers. First, male mating success often
increases with territory quality (reviews by
Orians, 1980; Searcy and Yasukawa, 1983),
which may include the abundance of food
on the territory (e.g., Verner, 1964; Wit-
tenberger, 1980) or the abundance of other
resources such as shelter (e.g., Pleszczyn-
ska, 1978; Searcy, 1979). For example, by
experimentally increasing the abundance
of sheltered nest sites on male territories,
Plesczynska and Hansell (1980) increased
the incidence of polygyny in lark buntings
(Calamosprza melanocorys). At any given
density of sheltered nest sites, males with
larger territories would increase their
probability of securing more than one mate.
Second, clutch size 1s known to increase
with the abundance of food on the terri-
tory (e.g., Hogstedt, 1980; van Riper, 1984),
which may select tor area maximization in
habitats where food supplies increase with
territory area. Indeed, field experiments
have shown that males defend more than
minimal food requirements (e.g., Wasser-
man, 1983). Third, in some systems females
select the largest male territories, either
because territory area may reflect the
abundance of resources within (e.g., Yasu-
kawa, 1981) or simply because territory
area itself may be a sexually selected trait
(e.g., O’Donald, 1977; Price, 1984). Fourth,
in hummingbirds that are territorial year-
round, males expand their territories at
the beginning of the breeding season,
increasing their allocation of time to
defense (e.g., Stiles, 1971), which is consis-
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TABLE 1. Predicted responses® of territory parameters of males and females following increases in food pmdufftinﬂ (F),
Jeeding efficiency (f), and | or competitor density (C) for five different scenarios.” Predictions would reverse following decreases

in the same factors. See Appendix I for definitions of symbols.

Predicted response

Male area maximizer

Female energy maximizer

Increased variable

(1) (2) (3) (4) (5) (6) (7) (8)

Scenario F / . A E s Iy I A E e Iy T

1y X nc 1 nc  nc 1 1
(2) X X | T | I nce I nce nce

(3) X X X [or] Jorl' l | l Jorl' l [
(4) X X | ncs nc nc | ncs nce nch

(5) X l l nc  nc l l ! I

* T = increase; | = decrease; nc = no change.

® Predictions for Scenarios 2—4 asssume f and/or C increase linearly with F. Nonlinearity does not change

predictions except as indicated below.

< It increase in f i1s concave upward, then parameter increases, and vice versa.
4 If increase in f i1s concave upward, then parameter decreases, and vice versa.
¢ See Appendix II (footnote b) and Figure 2 for conditions.

fSee Appendix 1I (footnote c) for conditions.

¢ It increase in C 1s concave upward, then parameter decreases, and vice versa.

" If increase in C 1s concave upward, then parameter

tent with area maximization. Note, how-
ever, that female territoriality in birds may
be more common than previously sup-
posed (Hurly and Robertson, 1984, 1985),
so many putative Case I systems may
actually belong to Case I1.

In nonavian vertebrates, evidence for
male area maximization is more tenuous.
For example, males of some fish species
expand their permanent territories at the
onset of the breeding season (Moran and
Sale, 1977; Cole, 1984). This behavior may
indicate a shift to an area-maximizing
mode, or simply reflect a seasonal environ-
mental change. In other fishes, males with
larger territories secure more mates
(Assem, 1967; Constanz, 1975; Fricke,
1980). This pattern may indicate selection
for area maximization, or again, may be a
mere correlation. Moreover, there are
exceptions to this pattern (Jones, 1981;
Schmale, 1981; Cole, 1982). Stamps and
Buechner (1985) have recently reviewed
the evidence for area maximization in ter-
restrial vertebrates. '

Predictions

Male territory area. Suppose that the basis
of female choice is male territory area per
se or some evenly distributed non-food
resource. In such circumstances, the prob-
ability of a given male mating polygynously
(P|polygyny]) varies directly with the area

increases, and vice versa.

of his territory (A). Examining column (1)
of Table 1, i1f food production (F) within a
single territory increases, then A and thus
Plpolygyny]| will remain unchanged (Sce-
nario 1), increase (Scenario 2), or decrease
(Scenario 4), depending upon the relation-
ships between F, the feeding efficiency (f),
and local competitor density (C). In Sce-
nario (3), A will either increase or decrease,
depending upon the conditions described
in Figure 2. The bottom line is that pre-
dicting changes in P[polygyny] following
changes in F requires considerable knowl-
edge of the system. If, on the other hand,
C increases in_the vicinity of a single ter-
ritory, then A and thus P[polygyny] will
usually decrease (Table 1, column 1, Sce-
narios 3-5).

Male territory food reserves. Suppose, how-
ever, that the basis of female choice is the
abundance of food reserves within the ter-
ritory (Eg) rather than either territory area
per se or some direct correlate of area. In
this situation, P[polygyny] varies directly
with Eg,,.. Thus, examining column (2) of
Table 1, if F within a single territory
increases, then Eg,,. and thus P[polygyny]
will increase as long as C does not increase
concurrently (Scenarios 1 and 2). Other-
wise, the outcome depends upon the par-
ticularities of the system (Scenarios 3 and
4). If C in the vicinity of a single territory
increases, then predicting changes in Ej,,,,
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and thus P[polygyny| requires detailed
knowledge of the system (Table 1, column
2, Scenarios 3-5).

Generalities. Besides illustrating the strong
assumption-dependence of the models,
these analyses predict some fundamental
differences between systems where the basis
of female choice 1s, on one hand, territory
area per se or some direct correlate of area,
and on the other hand, the abundance of
food reserves within the territory. First,
where females choose territory area, the
predictability of changes in the probability
of individual males becoming polygynous
1s greater when considering the effects of
competitor density; food-production effects
are less predictable without knowledge of
the relationships between food produc-
tion, feeding efhiciency, and competitor
density. Conversely, where females choose
food reserves, predictability is greater when
considering the effects of food production;
competitor-density effects are less predict-
able.

Second, and more important, changes in
local food production can have different
(indeed, opposite) effects upon an individ-
ual male’s probability of becoming polyg-
ynous, depending upon the basis of female
choice. In Scenario (1) an increase in food
production will not affect male territory
area, yet increase his food reserves, while
in Scenario (4) an increase in food pro-
duction will cause a decrease in territory
area, yet not affect the food reserves (Table
1, columns 1 and 2). In the most complex
situation (Scenario 3) where both feeding
efliciency and competitor density are linear
functions of food density, predicting the
effects of an increase in food production
requires knowledge of additional param-
eter values. Whether male territory area
increases or decreases depends upon
whether or not the quantity E, + Eyg, Is
greater than the quantity T:%,Fy (Fig. 2).
Whether food reserves increase or decrease
depends upon whether or not the param-
eter y is greater than the quantity kytd
(Appendix II). Because these four quan-
tities can vary independently of each other,
1t 1s possible to have an outcome where an
increase in food production increases male
territory area yet decreases his food
reserves (or vice versa), thus having oppo-
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Territory area

Fic. 2. Conditions under which the territory area
of an area maximizer will increase or decrease fol-
lowing an increase in food production (F) in Scenario
3 (Table 1). The figure is identical to Fig. 1B, with
two additional curves depicting T,k Fy (quantity 1,
which varies independently of A) and E, + E,,, (quan-
tity 2, which varies inversely with A). The hatched
regions include all possible positive values of E,;, for
an area maximizer. From the derivative of the expres-
sion for A in Appendix II, it E.;, 1s sufficiently large
(horizontally hatched region), then A will increase as
F increases because quantity 1 is less than quantity 2
(left side of dashed vertical line). Otherwise (vertically
hatched region), A will decrease (right side of dashed
vertical line).

site effects on his potential reproductive
success, depending upon the basis of female
choice.

FEvaluation

Few data are available to test the pre-
dictions in Table 1 (columns 1-4), since
few researchers have included analyses of
male territory area, food reserves, time
budgets, and mating success in a single
study. Perhaps the most relevant experi-
mental study of a Case I system is that of
Ewald and Rohwer (1982), who placed
feeders in the territories of red-winged
blackbirds (Agelaius phoeniceus). When a
single feeder was added, male territory area
did not change, but the number of nesting
temales increased relative to control ter-
ritories. When the density of feeders was
increased by approximately an order of
magnitude, male territory area decreased
and the number of nesting females did not
change significantly.

These data are consistent with the pre-
dictions for a system where feeding efh-
ciency 1s constant. In the first experiment,
food production increased without a con-
current increase in local competitor den-
sity as measured by intrusion rates; non-
territorial males apparently did not detect
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the single feeder. As predicted for this sit-
uation (Scenario 1 in Table 1), male ter-
ritory area did not change, food reserves
(Esmax» the presumed basis of female choice)
increased, and consequently, so did the
extent of polygyny (from an average of 3.4
to 4.7 females per male territory). More-
over, the time budgets of the experimental
males did not change appreciably (Ewald,
personal communication), also as pre-
dicted. In the second experiment, an
increase in food production was accom-
panied by an increase in local competitor
density; average intrusion rates increased
nearly fivefold. As predicted for this situ-
ation (Scenario 4 in Table 1), territory area
decreased and the extent of polygyny (pre-
sumably correlated with E,,) did not
change.

However, there are potential problems
with this interpretation. First, changes in
overall food reserves within the territories
as well as detailed male time budgets were
not reported. Therefore, the evidence sup-
porting the predictions for Scenarios (1)
and (4) is both circumstantial and incom-
plete. Second, feeding efficiences were not
measured. If feeding efficiencies did
increase, which is possible given that feed-
ers are predictable and easily exploited food
sources, then Scenarios (2) and (8), rather
than (1) and (4), become relevant. In the
first experiment (now Scenario 2 in Table
1), the prediction that territory area should
have increased is falsified, while the pre-
diction that food reserves and thus the
extent of polygyny should have increased
is supported. However, territory expan-
sion apparently was prevented by contig-
uously territorial neighbors (Ewald, per-
sonal communication), so Assumption (7)
was violated in this system. In the second
experiment (now Scenario 3 in Table 1),
insufficient information about the system
was reported to predict changes in terri-
tory area or food reserves (see Appendix
II, footnotes b and ¢). In any case, recent
observations and experiments have sug-
gested that females as well as males may be
territorial in other red-winged blackbird
systems (Hurly and Robertson, 1984,
1985), which are thus better included with
Case II systems.
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CASE II: BOoTH SEXES TERRITORIAL

Examples
This situation is common in many lizards

(review by Stamps, 1983). Typically, both
sexes defend feeding territories, with male
areas overlapping those of females, but with
little male-male or female-female overlap.
Similar systems may occur among some
coral-reef fishes (e.g., Robertson and Hoff-
man, 1977; Hoffman, 1983), some birds
(e.g., Davies and Lundberg, 1984; Hurly
and Robertson, 1984), and some mammals
(reviews by Macdonald, 1983; Stamps and
Buechner, 1985).

Evidence that males in Case II systems
behave as area maximizers is circumstan-
tial. Stamps (1983) and Stamps and Buech-
ner (1985) review numerous cases of ter-
ritory expansion by male lizards and
rodents occurring at the onset of the
breeding season, perhaps indicating a shift
from a time-minimizing to an area-maxi-
mizing mode. The existence of this shift
has been corroborated by a study which
verified the predictions that (1) the terri-
tory of a nonbreeding time minimizer
should always contract following an
increase in only food production (Hixon,
1980), while (2) that of a breeding area
maximizer should not (Table 1, column 1,
Scenarios 1 and 2). Simon (1973, 1975)
found that adding food to territories of
male lizards (Sceloporus jarrovi) resulted in
territory contraction during the nonbreed-
ing season, but not during the breeding
season. Additionally, breeding males
defend territories much larger than
required to fulfill their food requirements
and males with larger territories secure
more mates in some lizards (Schoener and
Schoener, 1982; Stamps, 1983), birds
(Davies and Lundberg, 1984; Harper,
1985), and small mammals (review by
Stamps and Buechner, 1985).

As argued above, territorial females
should behave as energy maximizers, and
thus defend areas providing the maximum
net energy gain (Fig. 1C). Evidence that
females in Case II systems behave as energy
maximizers has been provided only for
protogynous reef fishes. Hoffman (1983)
demonstrated experimentally that when
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female wrasses (Bodianus spp.) change sex,
the amount of time they spend feeding
declines as they devote more time to
aggressive behaviors. This outcome cor-
roborates a prediction from the structural
framework of the model that male area
maximizers should spend less time feeding
and more time defending their territories
(Fig. 1B) than female energy maximizers
in the same system (Fig. 1C).

Predictions

Because both males and females are
independently territorial, the mating sys-
tem 1in Case II becomes a function of how
many female territories are included within
each male territory (Stamps, 1983). Thus,
where male and female territories overlap,
the probability of polygyny occurring
Increases as male (area-maximizer) terri-
tory area increases and /or female (energy-
maximizer) territory area decreases. In
attempting to model this situation, two
important questions must be addressed.
First, do the two sexes eat the same food?
It so, assuming that males are dominant
and consume what they need first, then the
spare food reserves within their territories
(Esnex) become the food supplies available
to the territorial females (E,), so that the
equations determining territory area in
males and females become linked. Space
limitations do not allow me to consider this
interesting (albeit complex) situation here.
However, it the sexes eat the same food
but partition that food in some way, or if
the sexes eat different foods as a result of
sexual dimorphism (e.g., Selander, 1972;
Schoener, 1977), then male and female
food supplies may be considered indepen-
dently. I will assume this to be the case,
and provide predictions only for situations
in which food productions for territorial
males and females vary in the same direc-
tion (.e., food production either increases
or decreases for both sexes concurrently).

Second, who are the territory intruders
for the two sexes? Territorial males should
obviously exclude unrelated nonterritorial
males, but may or may not exclude non-
territorial females, depending upon their
ability to secure those females as mates.
Territorial females should obviously
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TABLE 2. Predicted changes® in the probabilities of polyg-
yny occurring (column 1) and of female (column 2) and
male (column 3) reproductive success increasing following
increases in food production (F), feeding efficiency (f), and /
or competitor density (C) for five different scenarios in sys-
tems where both sexes are territorial (Case II).

Increased variable P[RS]

_ ‘ (1) (2) (3)
Scenario F f ¢ Plpolygyny]®* Female* Maled
(1) X | I I
(2) X X | I |
3 X X X forle Torle Tor|

4) X X | ne |
(5) X l l l

*T = Increase; | = decrease; nc = no change.

® Varies with male A/female A (see Table 1).

° Varies with E,, (see Table 1).

4 Varies with both P[polygyny] and female P[RS].
¢ See Table 1 and text for conditions.

exclude unrelated nonterritorial females,
but may or may not exclude nonterritorial
males, depending upon intersexual domi-
nance relations. Rather than treating a
number of specific cases, I will provide pre-
dictions only for situations in which com-
petitor densities for territorial males and
females covary, regardless of who those
competitors are.

Probability of polygyny. Given the assump-
tions and conditions discussed above, and
that the probability of polygyny occurring
(P[polygyny]) varies directly with the ratio
of male territory area to female territory
area, column (1) of Table 2 lists the pre-
dicted effects of changes in F and C upon
P[polygyny]. The ratio of territory areas is
calculated by combining the respective
individual predictions for male and female
territory areas from Table 1 (columns 1
and 5). For example, if only food produc-
tion (F) increases for both sexes (Scenario
1), then male territory area will not change
(Table 1, column 1) and female territory
area will decrease (Table 1, column b5).
Theretore, the ratio of territory areas and
thus P[polygyny] will increase (Table 2,
column 1, Scenario 1). Similarly, if F
increases with a concurrent increase in
feeding efficiency (Scenario 2), then male
territory area will increase (Table 1, col-
umn 1) and female territory area will not
change (Table 1, column 5). Therefore,
the ratio of territory areas and thus
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Plpolygyny] will again increase (Table 2,
column 1, Scenario 2).

In situations where male and female ter-
ritory areas both contract in response to
the same environmental changes (Sce-
narios 3-5), it is necessary to know the rel-
ative rates of change of male and female
areas by taking the ratio of their deriva-
tives. In Scenarios (4) and (5), male terri-
tory area will always contract more rapidly
than female territory area, so the ratio of
territory areas will decrease (Table 2, col-
umn 1). This effect is illustrated for Sce-
nario (5) in Figure 3 of Hixon (1980). Sce-
nario (3) is more complex. Male territory
area can either expand or contract, but
when contracting it should do so more rap-
1dly than female territory area, unless local
competitor density increases very little,
However, female territory area should
always decrease. The bottom line is that
predicting changes in the ratio of territory
areas In this situation requires detailed
knowledge of the system.

Thus, there are two basic predictions
regarding P[polygyny] (Table 2, column
1): (1) If food production increases without
a concurrent increase in local competitor
density (Scenarios 1 and 2), then the ratio
of male to female territory areas and thus
the probability of polygyny will increase.
(2) If competitor density increases without
a concurrent increase in feeding efficiency
(Scenarios 4 and b), then the ratio of male
to female territory areas and thus the prob-
ability of polygyny will decrease.

Female reproductive success. Female repro-
ductive success is limited by net energy gain
(Enmex)- Therefore, transcribing column (6)
of Table 1 to column (2) of Table 2 gives
the predicted effects of changes in F and
C upon the probability of a female’s repro-
ductive success increasing (P[RS]). Thus, if
F increases without a concurrent increase
in C (Scenarios 1 and 2), then P[RS] will
increase. If, on the other hand, C increases
with or without F (Scenarios 3-5), then any
outcome 1s possible, depending upon the
exact relationships between C, F, and /.

Male reproductive success. In Case II sys-
tems, a male’s reproductive success is the
product of the number of mates he secures
and the average reproductive success of
those mates. Therefore, predicting changes
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in the probability that a male’s reproduc-
tive success will increase (male P[RS])
requires knowledge of both his probability
of becoming polygynous (P[polygyny]) and
the probability that the reproductive suc-
cess of his mate(s) will increase (female
P[RS]). Thus, male P[RS] will be a com-
bined function of the ratio of male terri-
tory area to female territory area (Table
2, column 1) and the net energy gain of
each female (Table 2, column 2). Column
(3) of Table 2 lists the resulting predicted
effects of changes in F and C upon male
P[RS]. The predictions parallel those for
P[polygyny] (Table 2, column 1).

Note that, because of the variable out-
comes in Scenario (3), it is possible that
P[polygyny] and P[RS] may not covary.
Therefore, inferring an increase in male
reproductive success from an increase in
the number of mates attained is not justi-
fied without knowing the reproductive suc-
cess of those mates.

Evaluation

As tor Case I, perhaps the most relevant
experimental study of a Case 11 system deals
with birds. Davies and Lundberg (1984,
1985) placed feeders in the territories of
female dunnock (or hedge sparrow, Pru-
nella modularis). In their system, both sexes
were territorial and male territories over-
lapped those of females. Moreover, it was
clear that adding food increased both feed-
ing efficiency and local competitor density
tor both sexes, so that the manipulation
produced Scenario (3). Table 3 compares
the results of this experiment with the pre-
dictions for this scenario for nine different
parameters. The model accurately pre-
dicted the responses of five parameters
outright, with the responses of two others
(the extent of polygyny and male repro-
ductive success) being accurately predicted
given partial information from the study.
The response of another parameter (female
reproductive success) was not predictable
without additional, unreported informa-
tion. The response of the remaining
parameter (male territory area) was not
accurately predicted by the model, since
the actual outcome (no change) is the
boundary outcome between the predicted
increase or decrease with a near-zero prob-
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TABLE 3.  Resulls of a food-enhancement experiment (Davies and Lundberg, 1984, 1985), in a system where both sexes
were territorial (Case II) and both feeding efficiency and local competitor density increased concurrently (Scenario 3),
compared with model predictions (see Tables 1 and 2). See Appendix I for definitions of symbols.

_ Males Females
Extent of
polygyny A T T, RS A Iy T RS
Observed: T nc | T 1 l ! 1 nc
Predicted: T2 [ or | | 1 ™ | l | ¢

* Given that male A did not change.
> Given that female RS did not change.

¢ Prediction not possible without additional information, given in Appendix II (footnote c).

ability of occurrence. Given that the model
performed reasonably well for most
parameters, it appears that Assumption (7),
.e., no external constraints on changing
territory area, may have been violated for
males in this system. In fact, changes in
male territory area were apparently pre-
vented by contiguously territorial neigh-
bors (Davies, personal communication). In
any case, the success of the model is ten-
tative, since many of the assumptions were
untested for this system.

TESTS, LIMITATIONS, AND CAVEATS

From the field evidence reviewed in this
paper, 1t 1s obvious that theory greatly
exceeds field evidence concerning the
determinants of territory area, especially
considering the influence of territory area
on mating systems. After working through
the arrays of assumptions, scenarios, con-
ditions, equations, and predictions pre-
sented in this paper and Schoener’s (1983,
1987) reviews, a reasonzble reaction would
be: Why bother? A major rationale is that
these analyses demonstrate the extreme
assumption dependence of predictions
from territory-area theory. The models can
produce virtually any combination of pre-
dictions, depending entirely upon the
details of the underlying assumptions. Such
assumption sensitivity does not render the
models worthless for field workers. On the
contrary, these analyses show that accu-
rately assessing the mechanisms by which
environmental factors affect territory area,
and thus mating systems, requires that the
assumptions of the models be evaluated.
This can be accomplished directly, by test-
ing the assumptions as hypotheses in their
own right, or indirectly, by testing multiple
secondary predictions of the models.

Directly testing assumptions requires the
modeler to list his or her assumptions
explicitly and the field worker to deter-
mine whether those assumptions fit his or
her system before undertaking a test of the
predictions. This has rarely been accom-
plished. For example, Ebersole (1980) pro-
duced an intriguing model which pre-
dicted only that territory area should
increase with increasing food density. He
then performed uncontrolled additions of
algae in and about the territories of the
herbivorous damselfish Eupomacentrus leu-
costictus, and interpreted his results as dem-
onstrating the validity of his model. Setting
aside questions of data interpretation (see
Norman and Jones, 1984), the problem is
that Ebersole did not evaluate the assump-
tions of his model for the damselfish sys-
tem, so accepting his model to the exclu-
sion of others was not justified. In fact,
Schoener (1983) showed that the predic-
tion of territory area increasing with
increasing food density can be generated
by at least five different models, and Table
I in this paper shows that three additional
models can produce the same outcome.
Which, if any, is appropriate for the dam-
selfish system? There is no way of knowing
unless the mechanisms underlying the
observed results are compared with the
assumptions underlying the models.

Table 4 lists some of the factors influ-
encing territory area, about which implicit
or explicit assumptions are made by all
models, but which are commonly over-
looked by researchers “‘testing’ those
models. In many systems, testing these
assumptions directly may be difficult or
even 1mpossible. This should not discour-
age experimental analyses of such systems,
but should discourage calling these analy-
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TABLE 4.  Some commonly overlooked factors which must
be considered for an adequalte test of any model of feeding-
territory area.

External constraints:

Contiguous territories

Distribution and behavior of nonterritorial com-
petitors

Distribution and behavior of predators

Distribution and quality of undefended food sources

Habitat boundaries and discontinuities

Internal constraints:
Time and energy limitations
Food detection and processing
Competitor detection and defense efficiency

Relationships:

Between food production and feeding efficiency
Between food production and competitor density
Between territory area and food benefits
Between territory area and defense costs

ses “‘tests’” of particular models. Clearly,
observing only the response of territory
area to some manipulation tests no model
completely.

Indirectly testing assumptions requires
the modeler to generate as many secondary
predictions as possible beyond those deal-
ing with territory area. These secondary
predictions, such as those involving time
budgets, food reserves, and net energy
gains, not only reflect the underlying
mechanisms of a model, but also produce
unique sets of predictions for any given set
of assumptions. This is especially impor-
tant for qualitative predictions of changes
In territory area, since an area can only
expand, contract, or remain unchanged
tollowing any given environmental change.
Because only three outcomes are possible,
the chance of a model making the right
prediction for the wrong reason is high.
Table 1 illustrates the importance of mul-
tiple predictions. For example, if one con-
siders only changes in territory area, col-
umn (5) shows that nearly every scenario
causes a decrease 1n this parameter for an
energy maximizer. However, including
predictions for time budgeting and net
energy gain (columns 6-8) separates the
outcomes of these scenarios.

Few field tests of territory-area models
have included time-budget analyses, and all
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these have been conducted during the non-
breeding season. Hixon ef al. (1983) pro-
vided evidence that migrant rufous hum-
mingbirds (Selasphorus rufus) adjust the area
of their territories according to the energy-
maximizer model for Scenario (3) in Table
1. Subsequent studies have independently
tested and verified their major assumptions
(Carpenteretal., 1983; Diamond et al. 1986;
Karasov et al., 1986). In a similar study,
Norman and Jones (1984) provided evi-
dence that the damselfish Parma victoriae
behaves as an area maximizer according to
Scenarios (1) and (5) in Table 1, although
they did not discuss their data in these
terms. Although time-budget analyses have
proven valuable in these experimental
analyses, there can be problems of inter-
pretation. In particular, categorizing
behaviors as either foraging or defense is
not always straighttforward (Hixon, 1982;
Paton and Carpenter 1984). Thus, direct
assessment of assumptions remains the best
approach for evaluating the general valid-
ity of a model.

Ultimately, most analytical models sub-
jected to detailed evaluation in the field are
doomed to failure simply because models
are simplified abstractions of our percep-
tions of reality. Yet, such analyses are valu-
able in that they suggest which factors
might be important in determining terri-
tory area, and by extension, mating sys-
tems. All practical questions of testability
aside, if these models do nothing more than
encourage researchers to examine more
closely the mechanisms that determine the
areas of real territories and the structures
of real mating systems, then these exercises
will have been worthwhile.
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APPENDIX |
SyMBOL DEFINITIONS AND UNITS

Basic variables:

A
C

I

territory area, m2.

competitor density = daily intrusion
rate of nonterritorial competitors per
unit defended area, no. competitors/
m?,

F = food production = daily available food
biomass produced per unit defended
area, g/m?,

| = teeding efhciency = food biomass
consumed per unit feeding time, g/
sec.
P[polygyny| = probability of a territorial male secur-
ing more than one mate.
P[RS] = probability ot reproductive success

Increasing.

Energy variables (unit: J):

E, = daily net energy gain from territorial
activities (=E, — E,); value is fixed for
males (E,;,) and maximized by females
(Exnas)-

E; = daily spare food energy available for
mate(s) within territory (=E, — E));
value 1s maximized by males (Eg,,.).

E, = daily available food energy produced
within territory (=FAy).

E, = dailytotal energy loss due to territory
defense (=T7.d).

E, = daily gross energy gain from territory
food supplies (=7 fy).

Time variables (unit: sec):

T, = total daily time available for feeding
and territory defense atter any nec-
essary courtship or self-maintenance
activities (=7, + T,).

T, = total daily time required for territory

defense (=CA{).

total daily time spent feeding (=7 —

T. for both area maximizing males

and energy maximizing females; <T,

for area maximizers; =7, for energy
maxIimizers).

T, = total time required to consume daily
food production within territory

(=(FA)/f).
Variable modifier:

-

¢ = value of variable v at the optimal ter-
ritory size.

-
I

Constants:
d = defense efhiciency constant convert-
ing 7, to E,, |/sec.
k, = food detection efhciency constant
converting F to f, m?/sec.
ks, = competitor attraction constant con-

verting F to C, no. competitors/g.
t = temporal defense cost constant con-
verting (CA) to T, sec/competitor.
y = energetic yield constant converting
food biomass to available energy, J/

g.
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APPENDIX 11
MATHEMATICAL SUMMARY OF MODELS
Scenario:
Independent Dependent
variable variable Derivative Sign
MALE AREA MAXIMIZER:
1: F with
fand C < Ty — E dA
tant: A = 1y N fix aa
constan Ci(fy + d) 17 0 0
- A dE iy
E.’hunx - FA_}: o (Tf o C-‘qf)ﬁ S —_— A} —
dF
2: F with
f=kF and T L : |
C constant: A= rkify = B dd __ Tky -
Ct(h,Fy + d) dF  CHk,Fy + d)
- « dE T.(y(k Fy + + (Fy —
Egu = FAy — (Tr — CAORFy =~ Sosna _ LOWE) + d) + T,G0y(Fy = Ctd)) L
dF Ct(k,Fy + d)
3: F with
= k. F and | « ,
f(_: — ;I_:EF: ‘(E{ — :;:r“i'“k|"F3i o E.‘wﬁx E _ -'E)lr + E:"'{ﬁ.‘c‘ - Tf-le} n or b
koFi(k,Fy + d) dF kyF2t(k,Fy + d)
- - dE,, E(y — kotd)
E'mﬂszA?_ T _kF.:‘r{ll.ko" — = / & —c
5 ) { T 9 ) 147) dF :EiEFE(ﬁEIF:p n d) + or
4: F with
C =k, F and o :
f cunsianl:: A= Tefy = B dA _ Eve — T4fy _
- ko Ft(fy + d) dF  kF2(fy + d)
. - adkE.
Esnax = FAYy —(T1 — kFADfy e — ) 0
dF
h: € with
Fand f i — F { — :
constant: A= Ti} Eong dA _ By — T4y 4
Ct(fy + d) dC  C%(fy + d)
. : d‘EEmm _FTe—_}I
E max = FA P T - CAE ! - = o
5 ) (T'y )f} ac C7
FEMALE ENERGY MAXIMIZER:
1: F with
fand C ) T, dA T
constant: A= _ = L _
(F/f) + Ct dF  f((F/f) + Ct)?
- - dE ' T ) +
Exnee = FAy — CAtd vuas . TCURY + d) N
dF FUF/f) + Ci)?
2: F with
f= kF and ) :
C constant: A= I E = () 0
(1/k,) + Ct dF
th"max = F"{}_ C.:"{Id dEN”mx TT:‘ —|_

dF  (1/k) + Ci
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APPENDIX II

CONTINUED.
Scenario:
Independent Dependent
variable variable Derivative Sign
%: F with
J{‘: =j§;ﬂd - T, dA  —Tyhkt )
o " (1/k) + koFt dF  ((1/k) + k.Ft)?
- * d‘E.‘h-'rmax (TT/J&I)(J’I o kﬂﬁd)
E. = FAy — k,FAtd — + or —¢
Nmax = 1Y T dF  (1/k) + koF)? o
4: F with
C — kEF Hnd . T‘r df"'i _T;r'
t: A= — ~
J constan (F/f) + hoFt dF ~ F((1/f) + k)
) . dE.,,..
Emae = FAy — hoFAtd d‘:p = 0
h: C with
F Hﬂdftl ;{ B T;r' CL‘{ B _T?-i B
constant: S T(F/) + C dc  ((F/f) + Ciy?

dE e _—T7FHy + (d/f))

Ennee = FAy — CAtd
* )~ A dC— ((F/f) + Cop

* The derivative is positive because Fy > Ctd, which is true because AFy = E, > E_= ACtd by definition (see
Appendix I).

b The derivative is positive if the actual daily gross energy gain (E) plus the actual daily net energy gain
(E ) 1s greater than the potential gross energy gain of spending the entire day feeding (T+4,Fy), and vice
versa (see Fig. 2).

¢ The derivative is positive if the food is relatively energy-rich (y is large) and defense costs per intruder
are relatively low (kytd is small), such that y > kytd, and vice versa.

4 The derivative is negative because E,,; < Tfy, which 1s true because E.;, = Tfy — T,(fy + d) by definition
(see Appendix I).





