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We present two classes of models for the evolution of territory size. Both
are frequency dependent (employing the concept of the evolutionary stable
strategy or ESS), and are based on finite population sizes and continuous
strategy sets. A territorial strategy is defined in the first class by the size of
territory an individual defends if it is one of the individuals successful in
obtaining a territory in a patch of resources when others are excluded. The
ESS for territory size may be spitefully large when the potential fecundity of
individuals is low, but as fecundity (or population numbers) increases, the
ESS decreases towards the size which maximizes individual reproductive
success. When the costs of defending a territory are a function not only of
area but also of the number of competitors (exciudeds plus holders) against
which the area is defended, then the individuals excluded from resources
{excludeds) are likely to lower the ESS more markedly than the individuals
who have acquired territories (holders). In the second class of models, all
individuals gain access to resources, but the amount an individual acquires
depends on its defensive effort strategy relative to the defensive effort of
other competitors. Here, in contrast, the ESS for defensive effort increases
with increasing potential fecundity. When the second class of model is
extended to include phenotypic variation in individual success (at a given
defensive effort), variance in phenotypic ESSs diminishes as the number of
competitors increases.

1. Introduction

natural selection will favour the size X of territory which maximizes
L individual reproductive success f(X) (see Davies, 1978 for review). If f(X) is

T Present address: Department of Zoology, University of Liverpool, Liverpool L69 3BX,
England.
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446 G. A. PARKER AND N. KNOWLTON

an additive function of gross benefits »(X) and costs ¢(X), then the optima
size will be that which maximizes b(X) — c(X) [or equivalently, the optim

is where b'(X) = ¢'(X)]. Alternatively, if f(X) is a multiplicative function of§

b(X) and ¢(X) = ¢(X) being a factor between zero and one, by which gro
benefits are reduced], then f(X) is maximized where f{(X)=0.
The most serious weakness of simple cost-benefit models is their inabili

to deal with frequency-dependent selection. Costs of territory-holding coul .

sometimes be mainly frequency-independent, relating perhaps simply
area-related energetic expenditures of patrolling, marking boundaries, e
Usually, however, there will be underlying frequency-dependent effec
and for this reason we have preferred to use models based on Maynar

Smith’s (1974) concept of the evolutionarily stable strategy, or ESS. An ES$2

is a strategy that, once fixed in a population, cannot be invaded and replac
by an alternative strategy.

One kind of frequency-dependence of particular interest to us is the effect;
of territory size on the number and types of competitors that a territorys

holder encounters. Using models with finite population sizes, we look af
differences in costs and benefits stemming from defence against others

territory-holders vs. defence against “floating” individuals without te
ritories, as well as at the relationship between territorial strategy and overall
population size. Another kind of frequency-dependence that we investigate
concerns the case where territorial gains are strongly affected by the
defensive efforts “played” by other members of the population.
Hamilton’s (1970, 1971) papers on the evolution of spite point to another
flaw in the simple cost-benefit approach; the strategy of harming oneself to
harm others more (by defending resources in excess of what can be used, for
example) can never be that which maximizes net benefits, f(X). In Hami
ton’s models spite directed at individuals of less than average relatedness is
favoured because inclusive fitness is considered, rather than simply indivi-
dual reproductive success.
Verner (1977) has also stressed that territorial individuals may benefit by
excluding others from resources because this increases their relative contri-
bution to the gene-pool of the next generation. An essential difference
between the two models is that in Hamilton’s the spite is discriminate
(directed towards individuals of less than average relatedness), whereas in
Verner’s it is indiscriminate. Alleles coding for indiscriminate spite can
sometimes spread, but their evolutionary stability has been questioned
(Rothstein, 1979; Tullock, 1979). We showed that some degree of indis-
“criminate spite will always be an ESS (Knowlton & Parker, 1979), but that
the spite component of territoriality will be substantial only in small popu-
lations (see also Rothstein, 1979).
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Our aim is therefore to develop some preliminary ESS models for

£ territoriality that incorporate spite, frequency-dependence, and the feed-

ack between territory size and competitor density. This is intended as a

- ‘preliminary analysis, and we deal mainly with the case where individuals that

do not hold territories (i.e. resources) are unable to reproduce and where the
amount of territory gained determines reproductive success. The models are

,cmmoa on continuous strategy sets; that is, territory size may take any value

etween zero and the total number of resource units in a patch (see below).

Thus they differ in structure from the two-strategy sets of Rubenstein’s (in

press) mating strategy models. His are designed to see whether two mating
strategies (for example “guarders” and “sneaks”) can be maintained as a
B_x@a ESS (Maynard Smith, 1974); ours are to examine the ESS for
8583\ size assuming that territorial defence is essential for reproduction.
- We mainly assume that territoriality is expressed only in one sex. Thus
biologically, one might best apply our models to something like the popu-

~ lation genetics of alleles at a locus controlling the amount of testosterone
= produced.

Finally, our models describe most accurately a panmictic species with
non-overlapping generations, composed of individuals that compete for a
share of the finite number of resource units available. The resource units are

- distributed in patches, each of which has a pool of competitors for the

resource units. All patches are equal in size, as are all pools, and no

- individual can defend resources in more than one patch. We investigate two

of the possible sets of assumptions concerning the nature and outcome of
competitive interactions: (1) An individual’s strategy is defined by the
number of resource units it will defend if it gains access to the patch. Access
to the patch by members of the pool of competitors is random with respect to
strategy, and once all resource units have been taken no more individuals
from the pool can gain access. Thus some individuals may be entirely
excluded, while others get the full number of resource units dictated by their
strategies. (2) An individual’s strategy is defined by the effort it expends in
attempting to defend resources. No individuals are excluded from the patch,

- but the number of resource units any one individual acquires is a function of

its defensive effort relative to the number and defensive efforts of other

competitors in the patch.

2. The Exclusion Model—Some Competitors Excluded from Resources

This model is most appropriate for species where differences in arrival
time at the patch, or differences in “resource holding potential” (RHP;

. Parker, 1974) result in some individuals being able completely to exclude
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oEn_..m from the patch. Note the important assumption that there is n
relationship between the probability of an individual’s being a “winner” and Possible »W M“« Payoffs
the size of the territory it defends if it wins. outcomes X =3 | Probability X o
1
(A) THE BASIC MODEL—COSTS AND BENEFITS DEPENDENT ONLY O 4 X o n " ™
AREA DEFENDED
Let: :
. 2 X, X, — (1) f(3)
R = the number of resource units in a single patch -
P = the number of patches !
n = the number of competitors at each patch I e X n S
X = the number of resource units actually defended by an individual &
X, = the strategy for resource use established in a population (i.e. the 5 4 Xo Xp Xo Xom - 3f1) A1
number of resource units defended by all, or all but one of th ¢ .
non-excluded competitors playing this strategy) ! n-AR
X = the strategy for resource use played by a single mutant in one of ® Xe X Xe % n v °

the P pools of competitors
f(X) = the fitness of an individual defending X resource units [0 < f(X)<
_ 1], expressed in terms of gross benefit [6(X)] and cost [¢(X)]
W, = the mean expected fitness of individuals playing strategy X
If we set X, =1 and assume that n = R= X,, > 1, then:

'FiG. 1. Possible outcomes with probabilities and fitness of X,- and X,,-playing individuals
or R=4, X,=1, and X,,=3. The size of the rectangle surrounding an X, or an X,
individual” indicates the size of its territory (one to four units). For patches with no mutants
only the fifth outcome is possible. The total weighted fitness for X, and X,, individuals, which

ean be derived from this figure, must be divided by the number of individuals playing each
trategy (Pn — 1 for X,, 1 for X,,) to calculate Wy, and W, .

vE”& ”im:_. BMS:r patch with mutant, patch with mutant, :
mutant gets X, mutant gets fraction mutant does not gain - . . . . .
, ~ of X, aocess t0 patch (X). For example, using the linearly-decreasing cost relationship f(X)=
_ 1 R=X,+1 1 X1 \’||->||I) 1-C(X —1) [i.e. fitness an additive function of b(X)=1 and c(X)=
Wx, = T_. L (R=X)f()+— ¥ (R-Df()+ Ax vw\:v C(X — 1)}, fitness is maximized by defending one resource unit and C is 2
= noi=t h measure of the cost of defending additional units. With this fitness function
P~1 patches with ber of individuals the condition for the spiteful mutant X, to spread becomes:
no mutant showing total expecte
— vﬂwcmm»__ pected QAH\AwleHv.
e .
+(P— CAmv EAL\Q: —-1) Similarly for the non-linear fitness function f(X)=1-C(X - 1) (in which
n  the gradient of the cost function increases with increasing X), the condition
__f ﬁlm\& . X'w. X, , for spread becomes:
n(Pn—1) mto Tt :& (1) C<(6R—-3X)/[(Pn—1)(6RX —4X*>—6R+5X)].
We = ﬁw ansi X 1%t This approach is very limited, however, because the conditions for the
S P f(Xm) . ..W f CL \ 1 ) initial spread of a trait reveal little about its evolutionary stability. This is

- particularly true here because the threshold value for C dependson n;as X,
increases, n may eventually decrease (see below), thus raising the cost
. threshold and making the spread of higher defence levels possible. To
determine where this positive feedback loop winds down, we need to
determine the ESS for resource defence, as follows.

anﬂm. c.s:. n are probabilities, see Fig. 1). In general, the rare strategy X,,

will initially increase in frequency when Wy > Wi . :
: m p

One can make more precise statements about the potential for a strategy

Xm to increase in frequency by specifying the form of the fitness function
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b= FX, it () ORsxin (%)

If X, is defined as the ESS for the number of resource units taken, th
individuals playing X, must be more fit when common than any sing
mutant which takes X, resource units. Thus if we subtract the expect
fitness of a rare mutant taking X, units from the mean expected fitness
individuals taking X units, the result is positive except for X,, = X, wh
the result is zero. :

, R . wv
—int [ — - X, — —}X,>0
+\_H-lvm§ int ANmVXL IF R - X, —int Avnu P

d = f(X,) int A'm@ + Aw —int AMMV i

Therefore when X, = X, ax

:.«.\anx* - «M\XSU__X* =0.
To solve (3) explicitly for X, we need new formulations for (1) and (
which are not tied to the assumption that X, = 1. The model would also .
more realistic for some biological systems if n were allowed to vary with (
An increase in the number of resource units taken by non-excludeg
competitors decreases the number of adults contributing offspring to
next generation, and may either increase or decrease the fecundity of the;
adults (depending on the value of X, and the fitness function used). If on
assumes that the number of competitors in generation ¢ + 1 is directly relate
to the number of offspring produced by the adults of generation ¢, then “
can write n(X,)=f(X,) VR/X,, where V is a constant that converts f(
_into the number of offspring an individual produces which survive to join )
pool of competitors. This enables us to derive equations for X, in whichy
population size is in a steady state determined directly by the territo
strategy. :
The formulations which are analogous to (1) and (2) but incorporate hes
above modifications, assuming that f(0) =0, are

— am @3. AMV

= ST UAR=X,(i=1)], ORf(Xn) TFX,<R—X,(i-1)}
i=1

(R _e (B x

U-: = .\.ﬁw —1nt AMVX@Eq OR .\.Ax-:v IF X‘s <R -—int Akﬁv P

P

(see Fig. 2). . . .
- Because formulations (4) and (5) cannot yield an analytic solution, we

W, ={[ ] (2 oo+ [ e ()

(e b, [n(X)—int(R/X,-Dl, (P I:A@\?;\ [Pnexy-1]
gkwlﬁ:C@v+=Ava+ n(X,) B R/X, . ”
iwnci\EAXvT: %x;u?ﬂ&: m)-

where It was assumed that (a) any rare mutant which secures a place in a patch

‘always takes the full number of resource units dictated by the strategy it is
playing (i.e. it is never forced to take less, as in the third and fourth outcomes

int (X) = the truncated, integer value of X

int(R/X,) R-X of Fig. 1), and (6) the last X,- playing individual to enter a patch, .: forced to

@ = M T (X,) int AINL:V take some fraction & of X, has a fitness of af(X,) [a value which may be
i= p higher or lower than the true fitness flaX,)]. . . X whil

. (R-X, , Substituting (6) and (7) into (3), differentiating with respect to X,,, while

+f _HN = Xm—int A X, vumv % OR f(X,)(i—1) IF holding X, constant, and then substituting X,, = X, eventually resolved to

R-X,
Xp

Xy dE) o PVR /P @)

. . R—X,. -
X,(i—1)> X, int A Illv T (X IPr(X,) — 1]

v+-l.vmsl::A
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R=4 : -7 T
Possible X, =2 Payoffs T T T T T o T T
Outcomes Xm=3 Probability X, X,
Xm Xo ! (1) f(3) 6 7
n{X,) P=10
X, X, L
o m £(2) f(2)
%) 5 p=100 ]
c=00!
X X n(X,)-R
[ o AR ) 2f(2) 0
4k i
P b =2
‘ ossible X, =3 p
ayoffs
Outcomes X =1 Probability X, X, sk P =1 i
P=10
Xm X, X !
o P n(X,) f(3) + (1) (1) P=100 c=0l
._ N ,N _u _b _w wm _.\ _m _0
X X 2 2 2 2 2 2 2 2
0 o | Xo (] f(3)+ £(1) (1) VR
niX.)—R . F1G. 3. The ESS for territory size (some competitors excluded) as a function of the number
Xo X, el f(3)+F(2) 0 of patches (P), potential population size per patch (VR), and the cost of resource defence (C);
n{Xx;) see text. For any C, PVR defines a unique value for X,.. The left hand endpoint of a line which
does not extend to VR = 4 indicates the value of VR below which the ESS is to take the entire

~patch (R units). For a given C and increasing PVR, X, converges towards the value of X which

FIG. 2. Possible outcomes, probabilities and fitnesses (as in Fig. 1) for two cases which
maximizes f(X) [i.e. where f(X)=0]. f(X) = b(X)C(X) = [1-exp (~X)] exp (~CX).

require equations (4) and (5) to specify Wx, and W, precisely. These examples illustrate the
need for the if/or clauses and other complexities of (4) and (5) should the reader desire to sozﬁ
through them. Note that the patch is divided into four resource units in the first case and five i
the second; territory sizes are proportional to areas under *‘possible outcomes” e

It is interesting that even a large discrepancy between X, and X, does
not result in a large fitness drop; the lowest f(X,): f(X,p) ratio associated
with the lines of Fig. 3 was 0-980 (for P=1, VR =32, C=0-1). Only when
the strategy of taking the entire patch is established would one expect to find
measurable losses in individual reproductive success as a consequence of the
evolution of spiteful resource defence.

Finally we wish to compare the approximate solutions obtained in (8) to
those of computer iterations that used the precise formulations (4)and (5) to
search for strategies stable against invasions by mutants. The purpose of this
comparison is to demonstrate the accuracy of the approximations before
turning to more complex models for which similar simplifying assumptions
are made to those leading to (8).

Table 1 shows that the approximate solutions are generally within one or
two percentage points of the precise formulations (and that, as expected, the
latter are stable against invasion by the former). In a few cases neither of
' these methods gave values which were stable against the strategy “take the

Tmmcaim n(X,) = f(Xy) VR/X,]. This general result indicates that evolu-
:o.: may favour individuals that behave spitefully (i.e. defend more resource
units EN.S the number which maximizes their reproductive success, X ). As
population size increases, however, X, converges to the X <mm:moﬂm2 ,
F(X)=o0. )
. ,S.Ho nmr.:monman between X, and potential population size (VR) is shown
in Fig. 3, in which X, was iterated from (8) using the explicit function:

X)=b(X) - c(X)=[1-exp (-X)][exp (-CX)].

This form gives a skewed distribution of f(X) that rises steeply from
f(X=0)=0 to its peak at X,,,, with a long tail for X > X,.. Increasing
constant C increases the relative cost of resource defence m:m. makes f(X)

more sharply peaked (see Knowlton & Parker, 1979). ,

it
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owever, we now wish to incorporate some costs in 8&8;& guarding that
elated to ‘“‘competitor pressure”. Even where disputes are m.n:ﬁm:w
od “‘conventionally” by some asymmetry such a prior o.ismnmr_._u, there
st be a display of some cost to signify that Ew\ resource 1s Onmc_u_om, and
‘occupancy is being contested. Where relative a&on.osomm in resource
ng potential (RHP) are used to settle contests, considerable energetic

e penditure may be required before information concerning relative RHP is

TABLE 1.

Comparison of “‘approximate” [equation (8)] and “precise” [equations (4
and (5)] solutions for X, using the fimess function f(X)="b(X) c(X)=
[1—-exp (=X)l[exp (—CX)] in which C is a measure of the cost of defendin{
resource units :

C P VR X, “Approximate” X, “Precise” X R .
Pt PP * ' * rfect enough to allow settlement. ) )
0-01 1 128 4-615120 6-791550 4:742386 FAs before, competitor-independent costs of :oESm X resource E:ﬂw .w:w
001 1 128 4615120 6791330 4637503 arized by f(X) = b(X)-¢(X). To include costs arising from SREPS" 0%
0-01 1 128 4-615120 - 6-791550 4923077 essure, we used a second multiplicative reduction mnﬂor 9,_ e
0-01 1 1024 4-615120 4-723688 4.627173* Srerall relative fitness now becomes f(X) - ca(X). This function ¢,( v. M
. . 7 . * . . : i i wit
oo 1o e op deer i S e e <) o] o be monoioially deceing v
001 1 1024 4615120 4723688 4619756* creasing X, and also has 0<c,(X)<1. Thus if a territory o a
0-01 1 1024 4-615120 4-723688 4-740741* jantly high X value, it achieves greater gross benefits but sufters condi-
W.Mw Wm wwm M.mewm M.Wmmwmw M Mmmmww* nally a greater reduction in those benefits because of anmmm.ma omma_.mo_,
. . i ca
001 10 128  4-615120 4700901 4-616540* We assume that pressure costs from other competitors will be idents
0-01 10 128 4-615120 4700901 4-618720% individuals in all patches when the individuals all play the same strategy.
m.w w mww w.wwwmww w.mwwwww w.mmmmmw* where there is a mutant territory holder in a patch, the costs ¢, (X) mmm.w:
. : : g - 2 . . ; mpetitive
01 1 512 2397895 2.423267 2:434182* Bexdividuals in the patch are shifted from this value because the co mw 1d
w.H 1 512 N.uw.\mom N.»WWNS N.wmqﬁmu , Seharacteristics of the patch are altered (for instance the numbers of holders
1 10 512 2-397895 2-400383 2-398760 4 .
01 10 512 2:397895 2400383 2-400947* d'excludeds are changed). Let:
0-1 10 512 2-397895 2-400383 2-398750* L g s . 1
1 1 128 0-693147 0-709524 0-695261* ¢.(X,) = the cost (reduction factor) for individuals in a patch where a

play the strategy X, . . .
(X,) = the cost for an X- playing individual in a patch in which there

exists a single mutant playing X, # X,
(X,,) = the cost for a mutant playing X, in a patch where all other
individuals play X,.

See text for definitions of P, R, V. X, is the value of X at the peak of f(X); i.e. f(X)=
“Precise” solutions were found by searching from X, upwards for a value of X, such th X
Wy, > Wy, for X, values just larger than X ; “approximate” solutions were obtained by
iterative routine on equation (8). The stability of the two solutions, and X = R, to invasion by}
range of X, between X, and R was tested. Values are asterisked if they are stable again
invasion, and able to invade populations playing either of the other two strategies (out/g
“approximate” ESS, “precise’” ESS, “take R’’). Roman numerals indicate that both strategies
were locally stable, but that I was “more stable” than Il (W, =11/ Wy, =1< Wy, =1/ Wy %
1I). :

entire patch” (i.e. defend R resource units). These exceptional situations, .
which there was only local and not global stability, were however encoug
tered only when population sizes were extremely small. Thus for mo

realistic population sizes, the approximate method yields a reasonably
accurate analytic solution, and always yields at least local stability.

(S o 222555

P

E Awmv:x%;x‘v +(P- cﬂmvzx%, %) /P )-11 @)

R/ X,
= P
(B) A MODEL WITH COSTS DEPENDENT ON COMPETITORS ﬁ

WXm — BAva

Jrcxmen, (6. (10)
bstituting (9) and (10) into (3), differentiating with respect to X,, holding

We shall now examine a similar model to the approximate model of the
last section, in which there is again despotic exclusion from resourcegd
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X constant, and then substituting X,,, = X, yields:

[X IR, (X)) = Cux.,. (Xy)] : : -B.

& We can now estimate the pressure cost sustained by an individual holding
X nxn (Xim) + F(X ) nx, (X PR (X ) — 1T+ f(X ) C i, (X) o erritory of size X, assuming that of the total pressure sustained by the
AE

atch, it collects an amount proportional to the area it occupies within the
Note that in (11) neither c,.x,,(Xy) nor c,x,.(X,,) is equivalent to ¢/, (X

38?_ oAN\zVHQSJrAQizg‘;anoacocosmmnﬂgnzANVS:mcoooBam
The relationship between the two gradients can be defined only when a mory ~(X/R)lan, +(a = y)n]. More explicitly, using (12) and (13):
explicit form of ¢,(X) is supplied.

We present here a particular model which assumes that competitq
dependent costs rise linearly with competitor density, and that a 858&. .
holder accrues such costs in proportion to the relative size (area) of i
territory. For some species a modification of these assumptions would
more appropriate. If, for example, costs arising from competitors increase i
proportion to the territorial perimeter (proportional to Varea), rather tha
to area, while benefits continue to increase in relation to area, then ESS?
will be correspondingly higher than those suggested by the present model

Costs are separated into two components: one arising from the activitieg
of the n; other neighbours holding territories (includeds), and one from thy
n, excluded individuals (n, +n; = n). If each of the n, exluded individua
delivers a constant pressure to the resource patch, then « is defined as thy

Xy=

cn(Xy) = 1-[aXn(X,)/R]+y;
Cnxn (X)) = 1 [aX,n(X,)/R]+ (vX,/R) = (yXm/R) +v;
=, (X,) if X, = X3
Chxn (X)) =—v/R;
Cnx(Xm) = 1~ [aXun(X)/ R1+ (X o/ R) = (vX 5/ RX ) + (Y X/ Xy
c.(Xy) X, =X,;
o (Xom) = —[an(X,)/ R+ (v/R) = (2vX o/ RX ) + (v/ X5
=~[an(X,)/R]1-(y/R)+(v/Xy) if X =X,.

ese equations can be substituted into general equation (11), or alter-

Similarly, we assume that each territory holder directs a constant pressure, tively into (9) and (10), to yield the following equation for the ESS X,:

of cost B, within the patch. Thus the total effective pressure experienced 3. v
territory holders is: . NA

Ay
an,+pBn; = Q_HBA;X‘*V - NN\VﬂL + EA%\N*V
for patches with no mutants, and

an, + B = aln(Xy) =1~ (R— X,)/ X, ]+ Bl1+(R - X,)/X,] (13

Qikt [en(X,)+7v]

F(X)—5 R Pn(X,)

[P - 11} + X, {70,

—f (X1 +Y)[Pn(Xy) - HL (X))~ f(X)y[Pn(X,)+1]=0.  (14)

Equation (14) is complex because it allows for a spite component in the
S territory size. If we assume that population size Pn(X,) is large so that
pite is insignificant, then (14) becomes much more tractable, since we can
ume that [Pn(X,)—1=Pn(X,)=(Pn(X,)+1], and that the term
~f(X4) =0 [because it is the only term in equation (14) not multiplied by
population size]. The two sets of equations in Table 2 are based on this
simplification. Each set consists of a general form plus the cases where y =0
each excluded exerts the same pressure as each holder), @ =0 (excludeds
vxoz insignificant pressure), and 8 = 0 (holders exert insignificant pressure).
~ The two sets differ in their treatment of the number of competitors per
patch in a way parallel to the two forms of equation (8). As before, the left
and set is in terms of n(X,,), which can be viewed either as a constant, or as a

for patches with a mutant playing X,..

It seems probable that in many territorial systems these pressures will no
be distributed evenly over the area of the patch. Holders on the periphery of
the resource patch might sustain the main burden of pressure from
excludeds, while centrally placed territory holders might experience most o
the pressure from other holders. This will only alter our conclusions,
however, if the size of territory taken by the mutant holder affects its
probability of occupying a peripheral position in the patch. We assume any
such distortions to be insignificant.

It is convenient to express the difference between the pressure costs as
v=a—B.1If y=0, then holders and excludeds exert equal pressures; where
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m m > 3 i~ 3 iable which may or may not be some function of X,.. The right hand set is
° 3 2 = = =) or the explicit assumption that n (X, ) is determined by the relative fitness of
W& 3 members of the previous generation, the constant which converts this
F 2 lative fitness into the number of surviving offspring, and the number of
T g g breeding adults (territory holders), i.e.
26 5 < >
B S jo -
E= 8 = s F(X,)(1+y) VR
Ny == == n(X,) = f(Xy) cax, (Xy) VR/ Xy = . 15
- AGE ik () =) cax, (o) VR/ Xy = T 0inms (19)
sSE|_ [ S
=5 1355 = N MT Simple examination of the equations in Table 2 allows one to conclude
Sxa |82 M ~ M 3= when excludeds are unimportant (a = 0), the ESS (assuming that spite is
AR N T3 ~| + * .. : .
e 83 |2 Xx e x| 5 portant) is independent of the number of competitors [shown by the
535 | €0+ | > =+ quivalence of (17a) and (17b), both of which lack any terms n or V]. This is
wEE | & = = S = xplicable in terms of the assumption that each holder exerts a constant
= < 53 X* X* “* uv.A\ X.x.
3RS |8 = o) M = = aressure 3, regardless of how many holders occupy the patch. Because the
E39 (¢ o 0o y 0o qumber of neighbours of a given holder stays roughly constant over a large
< m * * * * £ . . . . . . ik
0 F 3 > > X X ange of n, Q:.m assumption seems b_wcm_c_.o biologically. It is less likely to
.m S < pply when n; is low. c.,\:os excludeds are _Bvo:w:.r the ESS decreases as
S E 5 = o~ = e number of competitors (n or V) or the competitor-dependent costs («
ol ~ Q O ~ %) [ : .
o m.m S = = = = nd/or B) increase.
2 :N m .W. . a0 _To get a more detailed picture of how these equations work, we iterated
h m 33 s + utions for equations (17b), (18b) and (19b) in relation to increasing V,
3 .w = @ x il piving patches a value of R = 10 resource units, for three sets of conditions:
m S 3 = S rm = 9) competitor-independent costs low and competitor-dependent costs high
m M by 3 R = W R S ig. 4; in function f(X), ¢(X) =exp (—0-01X); @, 8 = 0-1), (6) both types of
S5 5|8 s ¥ 2 ¥l 2 osts high (Fig. 5; ¢(X)=exp (=X); a,8=0-1), and (c) competitor-
ST 2|5 X.* T als ,m\ @ = ndependent costs high and competitor-dependent costs low [Fig. 6; ¢(X) =
R b — —— . . .
= R m St TR W @ i +t 3 xp (—X); @, 8 =0.01]). The optimum territory size for the case where there
w Fanl I S x R AT R 4 v x + ¢ no competitor-dependent costs (i.e. @ =B =0) given by f'(X)=0, is
= 23 14 /m = = _)* M w\ = ncluded in Figs 4(a) 5(a) and 6(a) for comparison with the other three ESS’s
k] s s WA\ & NM x X & M om Table 2 (only neighbours important, & = 0; only excludeds important,
S5+ & =T < €8 = 0; both equally i tant, y = 0). The | hin each fi h
>3 3 = I 1 = =0; qually important, y . The lower graph in each figure shows
.m M 3 3 < < i the proportion of excluded individuals (n./n) for each ESS.
= 3 . Conclusions from these figures are as follows:
m S = _ m i) As noted above, the « =0 ESS is independent of the number of
DS 2 m m = ompetitors and parallels the « =8 =0 ESS. As expected, the former
o~ 24 - - .
g m £ m.B m m proaches the latter when competitor-independent costs are relatively
| 8 3 ET1 5 > re important [i.e. C high, f(X) sharply peaked] and/or wh is 1
3% 2 g Sa @ 3 p €. gh, ply p r when 8 is low.
S .w, = 3 LBl m w ) Atlow competitor densities, the 8 = 0 and y = 0 ESS’s are close to the .
2 S 8 2 A_w ,m. w .mv% 1= = 0 ESS, especially when «, or « and B, are small and competitor-
n & B @ 2« ndependent costs are high. The 8 =0 and y = 0 ESS’s fall with increasing
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o

(0)

Flang,.
L.r.‘t......k.»... '
{ et £ g i s i

PR S S|

5. As in Fig. 4, but for the case where both competitor-dependent costs are high (a
“$=0-1) and competitor-independent costs are high (C = 1-0); see text. ——, Xopis
~QH9 ||||| a=0;---- ,B=0.

i | | \ | ) _

2 3
2 2 24 25 26 27 28 29
v : Bnber of competitors, however, and do so more rapidly when competitor-

En.m. 4. The ESS for territory size (a) and proporti i C’
M::o:oa of potential population size per nnmochv:::AM_ﬂ\mmm%d%M MHMm%MMMQM%BAS i

nvmnao:" costs are high (a and/or 8 =0-1) and competitor-independent costs are B
(C =0-01). R was set = 10. For details of model, see text. ——, X ;— - —- = om. nE.m
@m0 L B=0.fX)=b(X). c(X)=[1-exp (-X)]. exp (oCX). | ¢
fecially where the number of competitors is high.

fiv) Where competitor-independent costs are high, the proportion of
udeds is more sensitive to changes in V. The proportion of individuals
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o8 _ _ . :
(o) _ ﬁ _ TABLE 3
07k Seffect of R on the ESS’s X, (17b), (18b), (19b) for territory size.
v tion of excludeds (ne/n) is included in brackets. Throughout, £(X) =
0'6f :
: [1-exp (=X)]exp (-X)]
05 R=3 R=10 R=50
X, O-4F ) 0-6301(0-4421) 0-6183(0-4411) 0-6143(0-4407)
0-5533(0-3885) 0-5533(0-3885) 0-5533(0-3885)
03+ 0-6128(0-4513)  0-6236(0-4522) 0-6274(0-4524)
V=8
. 0-6875(0-4949)  0-6864(0-4949)  0-6860(0-4949)
0-2r 0-6787(0-4899)  0-6787(0-4899) 0-6787(0-4899)
0-6843(0-4950)  0-6855(0-4950) 0-6859(0-4950)
Oir . A 0-6301(0-9303)  0-6183(0-9301) 0-6143(0-9301)
0-1518(0-7708) 0-1518(0-7708) 0-1518(0-7708)
1-OF N, L ! L ] ) ) ) 0-1827(0-8070)  0-1842(0-8076) 0-1848(0-8078)
(o) [ ——————— V=64
aaas.\...,\h.!. 0-6875(0-9369)  0-6864(0-9369)  0-6860(0-9369)
o8- -~ 0-5801(0-9266) 0-5801(0-9266) 0-5801(0-9266)
\\\ e 0-5865(0-9274)  0-5876(0-9274) 0-5880(0-9274)
i.\ 0-6301(0-9956) 0-6183(0-9956) 0-6143(0-9956)
06} 4 0-0098(0-7985)  0-0098(0-7985)  0-0098(0-7985)
", K\ B 0-0117(0-8320) 0-0117(0-8321) 0-0117(0-8321)
- : V=1024
0-4k \ 0-6875(0-9961)  0-6864(0-9961)  0-6860(0-9961)
\. 1 0-0966(0-9783)  0-0966(0-9783)  0-0966(0-9783)
\ 0-0986(0-9787)  0-0986(0-9787)  0-0986(0-9787)
O. —
2 f - ,
“is very weak indeed, but greatest at low R; such effects are of debatable
AY . L L L . : . ortance in view of the approximation used to calculate the ESS’s (see
2 PP
2 S N n 4)
v ot all of the conclusions listed above are intuitively obvious. Perhaps the

FIG. 6. Asin Fig. 4, but for the case where competi

B , petitor-dependent costs are 0g
B=0-01) and competitor-dependent costs are high (C = H.%vw see text. .lw wmi Aw ¥
.v\"oh llllll y Q"O. ...... um”O 7 “optr

nx.&:%a can rise towards 1-0 if @ = 0 because of the lack of dependen
this ESS on the number of competitors. But where 8 or y = 0, the proporfj
n/n mm.v\EEoSm, eventually becoming independent of V. The highe;
oovsvn:»on-mavo:ana costs, the lower the asymptotic value for and rangd
n./n.

How ma._uozma is patch size R? Table 3 shows some ESS and n,/n va
under various conditions of V and « or g, for three values of R 3, 10
The y =0 (@ = B) ESS is unaffected by R [see equation (18(b)]. The effe

h as the number of competitors increases,
cludeds may mean that eventual prospects for holding a territory are
Mecreased. This should not weaken the conclusion about the relative
uence of neighbours vs. excludeds; rather it reinforces it.

Bost interesting conclusion is that neighbours have relatively little effect
gatil the pressure they exert considerably exceeds that exerted by excluded
Bndividuals, particularly when competitor densities are high. Even when
Mhere are relatively few excludeds, the ESS’s for 8 = 0 and y = 0 are not very
milar because of the bunching towards the competitor-independent
aum [where f'(X) = 0]. The weakest part of the model is undoubtedly
‘assumption that each individual exerts constant “pressure”. It seems
ch more likely that excludeds will show an increase in attention to the

because higher proportions of
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. . _ D,.R 1)
3. No Competitors Excluded: The Defensive Effort Model Wp, = T. H.wﬁ cDw/ 1.
o m Aﬁlebv+U5

In contrast to the models presented above, we assume here that}
individuals in a group acquire some of the resource units in the patch}
number an individual acquires, however, varies with the number of resou
units in the patch, the number of competitors in the pool, and the defer
effort that the individual makes relative to the defensive efforts of o
individuals in the group. Biologically, this could correspond to situatio
which territory size is determined not so much by convention as by rel
levels of aggression.

P, R, V, and n are defined as before, but let:

D = the eflort an individual invests in defending resources
D, = the population strategy for defensive effort
D, = the strategy played by a single mutant in one of the P pools
competitors _
f(D)=the fitness of an individual making a defensive effort of D
Wp = the mean expected fitness of individuals playing strategy D,

‘mmmws solve for D, by substituting (20) and (21) into (3); this
nally resolves to

_—P(n-— 16’ (R/n)c(Dy)R
T (Pn—1)b(R/n)c'(Dy)n

; very large (Pn — 1 = Pn), then the spite component can be lost and (22)

D, . (22)

_=(n=1)b'(R/n)c(D4)R
D= nb{(R/n)c'(Dyin

hen b(R/n) is a linear function [6(R/n) = BR/n, B a positive constant],
b'(R/n)= B and (22) simplifies to
D MIWQICQAU*V (24)
* Pn—1)c'(Dy)
ult resembling that obtained by Macnair & Parker (1979) and m.w:amw &
cnair (1979) in their formally similar analysis of parent-offspring
ct]. . :
or a population at steady-state fixed by defensive effort wn._,wﬁom%.ﬁ e
pretation of n in this model becomes more complex than in previous
adels, because it is not explicitly defined by R, V, m.:a D,.Butbecause D,
nction of n, it must be true that n,.; = n,. (If this were not true then D,
d not be stable.) Thus the equation

| VA(D,) = V(BR/n)cDy) =1

. (23)

(A) THE BASIC MODEL—EFFECTIVENESS OF A GIVEN D DOES NOT VA
BETWEEN INDIVIDUALS

Again we assume that f(D) is a multiplicative function of cost and bene]
As in the first basic model, cost is a simple function, this time of the defen it
effort expended by the individual [0<c(D)<1]. Benefit, however,- g
complex function of patch quality R, and an individual’s defensive eff
relative to the defensive efforts of the other n—1 individuals in the patd

If all individuals play the same defensive effort D,, we assume that eg
will gain R/n resource units and that net benefits become b(R/n)- c(D,
individual. We also assume that where individuals do not all play the s
strategy, each gains territorial space in proportion to its own defensive e
relative to the sum of all n defensive efforts. Thus a mutant playing D,
patch where all other competitors play D, will gain a net fitness of:

@Tﬂ IWMW@L.QFV.

m,o used to provide an explicit expression for n to be substituted into (24).
] .wiw\zv is non-linear so that, say, b(R/n)=1—exp (—~BR/n), then (22)

_ —P(n—1)[B exp Almw\szncu*vw.
" (Pn—1)[1—exp (—BR/n)Ic'(Dy)n

D, (25)

mEm case as value for n must be iterated using the equation
V[1—exp (—BR/n)Jc(Dy) =1

igure 7 plots D, solutions based on the non-linear cost ?—.6&0: .nﬁu*v =
p (—CD,,), and the linear and non-linear benefit functions a_mncmmoa
pove, for several values of P, C,and V with B = 1 and R = 1. (All solutions
ere also checked by iterative techniques which directly searched for

Thus

Patch with mutaat
7 A

10, = {1tn- :%: — %mwrbs_gbxiwn ::vagbi\ﬁ?

Patches with no mutant
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attempt a prospective ESS analysis of how an individual’s strategy is
Ipected to vary with its phenotype. ,

B For simplicity, we assume that in each patch there exists the same
istribution of phenotypes amongst the n competitors; we also ignore the
ite component of the model by assuming a very large number of patches,
zNotation is as before, but K; is.defined as a factor that modifies the
fectiveness of individual i that has a defensive effort D;; i.e. the impactona
tch from individual i is equal to DK so that it obtains:

DK/(D.K,+DyK,. .. +DK;...+D,K,)

D! ‘Em available resource, R.
gLet the total impact on the patch, all strategies at their ESS, be:

I= b*hkﬁ +b*v~ﬂv N +b*.~ﬂ~ . .+b*:.~ﬂ:.

100+

90

80

e
or D,; to be an ESS, by the usual technique:

: d TA RD, K;
: wav: .N:Tb:.:&“..lbvwmxm

). o,

S50+

a0l

)- (D)

BBV
)
oS

<}

O

=0, for D, =D,

Dy,

Note that the above equation postulates that D,; must do better than any
tant competitor D,,; within the sub-population of phenotype i. 1t gives:

RDK; (I — DK, K

or the case of linear benefits, » (RDK;/I)= BRD,;K;/1, and exponential
psts, ¢(Dy;) = exp (—=CDy;), in which B and C are constants, (26) reduces

22 22 2% 5 28 7 o8 8

F1G. 7. The ESS for defensive effort (no competitors excluded) as a function of the numl
of patches (P), potential population size per resource unit (V), and the cost of defensive
(C), see text. For any C, the value PVR does not define a unique D,. For a given C
increasing V, D, converges towards 1/C. R was set equal to 1 for these iteratio
When benefits b(X) yield diminishing returns (continuous curves), the ESS is higher at an
than when benefits rise linearly with the amount of resource acquired. ——, f(D
[Lexp (—R/n)]exp (~CD); ~ -~~~ » /(D)= R/N exp (—CD).

TAU*L+@A

I

strategies stable against invasion by mutants; no discrepancies between i K+10)
s+

two sets of results were found.) The most interesting feature of the solutig
for D, is that defensive effort increases with increasing V, in contrast to
opposite pattern found for territory size X in earlier models (Fig. 3).

b*..”

27

Ideally, we would want to compare the ESS D,; in (27) with that of an
findividual having a mean phenotypic RHP = K. This is not possible unless
ye establish the distribution of K, and even then becomes a complex
oblem. However, we can make some deductions about D by comparing
with the ESS for an individual g that has an exactly average impact on the

. S . @enatch (and gains R/n resource units).
Our models have so far 1gnored phenotypic differences between Indivigg .ZOHM Eww for Ea\?acw_ g )

duals. Features such as environmentally-determined size and other R : '

differences could modify the effectiveness of a given defensive effort. Wy : DK =DyK; nDy K, =1

(i) Effects of phenotype on the ESS—effectiveness of a given D varies betwed
individuals v
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w:@ where there is a mutant g in the patch, the total of all impacts can
written as [(n — 1)D K, + D,,.K, ]. Hence for D, to be an ESS,

; 2 S _ D R
Qbiw Aklwvb*nNA‘mnTNinNﬂw GA Swv|®Aﬂ~nthb*wVW

when D,,, =

Dyg

which gives, for linear benefits and exponential costs:

K, (n-1)

C =1L

nD, K, =

Substituting (28) into (27) yields:

K ,(n—-1)
ClK:+K,(n—-1)]

It is evident from (29) that as n increases, the strategy of all individ
converges towards D, = 1/C. This is also the strategy that an individual o
very low RHP (K; « K,) is expected to play. As K; approaches K, the E
ano.nommom somewhat towards Dy, = (n — 1)/nC, the strategy played by g;
K; increases beyond K., then D,; decreases still further. The relationshij

G*., =

b4 T T T T T T
-2+
_.o.l
0., o-8f
0.,
! 06 Ke =1
‘g
O.bl
02t
1 1 1
0l 02 05

FI1G. 8. The ESS for defensive effort of the ith phenotype relative to phenotype g, that hasa
. exactly average amount of territorial resource, as a function of K,/K, (the relative RHP
8538& to g; K, = 1) for various numbers of competitors (). wg%ma b(X) are linear
costs ¢(X) exponential; P is very large (see text). K,/ K, is plotted on an log, scale. Variance
ESS D, /D, decreases markedly with increasing n. A
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Between D,./Dy,, Ki/K, and n is plotted in Fig. 8, which shows that the
riance in strategies is rather small compared to the variance in K.

It is clear why an individual of high RHP should play a relatively low
fensive effort; such an individual is assured of a large share of the resource
en with rather low D, and increasing D therefore gives only small returns
lative to costs.

e can also estimate how fitness varies with RHP. The ratio of fitness,

., of an individual with RHP = K; to that with RHP = K, is

-_.~A.4
@A|b * v ib*_.v
nDy K,

Amv - c(Dyy)

n

Fiyg=

ith linear benefits and exponential costs,

o= D, .K; exp (—CDy;)
e D, K, exp (—CDy,)

d substituting D,;, Dy, from (26) and (27) eventually gives:

nk; ﬁ (n—1)(K;~ K,) M
K+ K,(n—1] P n[K + K, (n - D]}’

As expected, Fy/,>1 if K;>K,; Fy; <1 if K;<K,. Further, it can be

duced from (30) that as n becomes very large, F;/, approximates to Ki/ K;
.¢. the fitness ratio approximates to the RHP ratio. At lower n, individuals
th K; < K, have a fitness ratio marginally greater than K/ K,; as K; » K,
en F;, becomes markedly lower than K/ K, (see Table 4).

S

Fye= (30)

TABLE 4.

Fitness ratios ¥y, calculated from equation (30). F/y=

fitness of individual i (has RHP = K;) over the fitness of

individual g (has RHP =K, and experiences mean gains
from the patch). K, is standardized to 1

Fitness ratio F/,

Ki/K, n=5 n=10 n=50
0-1 0-102 0-101 0-100
0-5 0-508 0-502 0-500
1-0 1-000 1-000 1-000
2 1-904 1-989 1-999
5 3-964 4619 . 4-978

10 5-973 8:061 9-841
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4. Discussion ation. These models may also be useful in considering species in which
dividuals “exclude themselves” from breeding in one or several
ns. For example, in many species young, sexually mature individuals
one attempting to breed until size and/or experience makes success
(see Williams, 1966). Thus in terms of our model, the number of
mﬁ:o; in a given season would simply be the number z&.a have
5ded” to breed. Although the models predict the ESS level of invest-
t they do not indicate when the decision to breed should be made, or in
ral how total effort should be distributed through time.
models treat the number of competitors, n, in one of two ways; as a
sct function of the reproductive output in the previous generation, (see all
,op:mao:m that include term V), or as a constant determined d.% factors
asic to the territorial behaviour of adults (see all ESS equations that
e term n), such as a physical refuge required by prereproductives. In
r to make biological sense, this constant must be below the number
h members of the previous generation could produce. In either case
1967). In contrast, the data of Kluyjver & Tinbergen (1953) on tit pulation size could be assumed to be at a steady-state, an assumption
shows little difference in reproductive success between adults in vari ppropriate for species which fluctuate significantly in number (through
habitats during one year (see Davies, 1978). Krebs’ (1971) classic stud waction of weather, for example). If we allow that individuals will be
greattits, however, gave aresult that appears to be intermediate; pairs in ted to monitor competitor density, however, then the ESS equations
quality habitats breed, but with reduced success. When territorial males’ sressed in terms of n define the ESS strategies conditional upon the
good territories were experimentally removed, they were quickly repla essment of 1.
by owners of poorer territories or by floaters. is interesting that the exclusion and defensive effort models appear to
Our models have been framed around a hypothetical species in which erate rather different conclusions about responses to V. In biological
individual has only one opportunity to acquire the resources necessary .V may be equated with habitat quality, in that it translates the
reproduction. Extending our models to situations involving multiple bre ber of resource units acquired (devalued by the cost of acquisition) into
ing attempts is reasonably straightforward, however. Using the b pumber of offspring that survive to compete. When exclusion of
exclusion model with the additional assumption of several breeding seas ,vﬁ:o_,w is possible and costs are a simple function of the area defended,
does not change the balance between Wy, and Wx,, when success (i.c. bei treasing the pool of competitors by increasing V reduces the benefits of
a holder) in one season correlates exactly with success in the next sez aving spitefully (i.e. reduces the relative increase in the spiteful indivi-
(e.g. developmentally-induced RHP differences determine success). Nori§ 's contribution to the gene pool) without changing the costs. When-
the balance affected where success is entirely random from season to sea Juded individuals in themselves represent an additional cost, increasing
(e.g. prior ownership determines success). This robustness to assumptionsg e number of excludeds by increasing V reduces X, still further. However,
multiple breeding attempts is important, for one would not expect natur he defensive effort models (no exclusion of competitors) increasing V
selection to favour animals giving up an opportunity to breed (i.e. be ours increased defensive effort costs at the ESS that maintains a stable
excluded) unless there were likely to be opportunities later, or unless L pulation size. For both types of models, however, strong dependence of
differences in RHP prior to (or as a consequence of) the fight ms ESS on n through V is usually found only for relatively small values of V
withdrawal the best solution. case where excludeds create significant additional costs being an
In the defensive effort models, multiple breeding attempts ca ception). It is also important to remember that defensive effort is not in
incorporated by weighting the total defensive effort made by an individ ysense equivalent to territory size, although itis true thatas D, increases,
over several seasons against the total efforts made by other members of 0 d&Q decreases, n decreases and thus territory size increases.

The models discussed above represent two ends of a spectrum ra
from situations in which some individuals are completely excluded g
reproduction through the territorial activities of others, to situationg
which all individuals pack into the available resources. In the fo
variance in individual reproductive success alters with population size, w
in the'latter there is no variance in reproductive success if all individualsy
the same effective strategy. In this respect the “no exclusion” mo
resemble those fitting Fretwell’s (1972) ““ideal free” distribution, in whick
the fitness of crowded individuals in high quality habitats equals thal
individuals occupying poorer habitats but at lower densities.

Most species clearly fall between the extremes represented by these s
sets of assumptions. Red grouse are perhaps the best well-studied exa:
of the territorial exclusion model; individuals unable to acquire breed
territories during the autumn often die during the winter months (Wa
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Interpreting these predictions in the light of other theories and of
vations concerning habitat quality and population density is comj

Eickwort’s (1977) observations of the megachilid bee, Hoplitis anth

poides, fit well. Males patrol areas containing flowers that are visite
females. Population density increases markedly as the season progre
and simultaneously males patrol smaller and smaller areas, even
holding strongly-defended territories around single flowers. Some a
have predicted and observed territorial breakdown at certain pop
densities (this is formally impossible in our models because of our ass
tion that no reproductive success can be achieved without guarding s
resource). For instance it is sometimes predicted (for an early model
Otte & Joern, 1975) that there will be a breakdown of territoriality at
population density “because of the exorbitant expenditures of tim
energy required to repel a constant stream of intruders” (Alcock, 193
This does appear to occur on occasions in nature (e. g. Evans, 1966). It neé
stressing that such phenomena require:
(a) that there is some possibility of reproductive success, even
absence of resource-guarding; 4
(b) that the territorial costs at high population density must be a pug
passive artefact of having to dispel intruders that are seard
for undefended resources. (If an individual showing territoriaji$
at high population density is at a disadvantage, ‘“‘non-guardel
strategists cannot be expected to expend direct pressure to.:tg
its territory).

Carpenter & MacMillen (1976) predicted two thresholds in a model b
more on habitat quality than population density, though the two
obviously related. Above one extreme of food availability, all requiremenfl§
can be obtained in the absence of any territorial defence. Below anothi o

£ ing in the fitness of others as well as
extreme, the food abundance in a territory may become so low that, e efensive mﬂo: D,,> D, owcme MMMMMM”_W _wm low, especially at low n. In the
with the extra yield gained by defence, the territorial strategy beco: . then this causes U*. 8. wa m_ is (in evolutionary terms) trading some
unfavourable. They obtained some evidence for their model from dat , _.__m.mou models, an m:a:w FH,\Q:EN others from breeding at all. Even
the Hawaiian honeycreeper, Vestiaria coccinea. Their model viewed gk pring .ﬁon E.o camm a_ocw nlarged by spite to a significant degree when
defence costs as constants; ideally one wishes such analyses to invol B, territory S1ze will only be @ Um the species is broken up into small,
frequency-dependence (see Introduction). he costs om. spite are .mBN_V_ MS% MHOMH d o:ovg more patches of resources)
Another aspect of territorial behaviour that needs further study concen : n.ﬂo units (each nwm:_ u :o%oB Rothstein (1979) has given a detailed
the stable maintenance of several coexisting strategies. Several studi ith little gene flow etwee h n.iw: favour the evolution of spite, and so
showed mixtures of territorial males and wandering breeding m vey of the sort of conditions tha It now seems clear that the amount of
(“floaters”, “sneak-maters”, “satellites” etc.,see e.g. Davies, 1978; Alcog her emphasis here _m_ ==5M~nmowmﬂw.=< authors have envisaged (e.g. for
1979; Rubenstein, in press), mainly in species in which males contriby ;m.B.:m.ﬁ be E.EEJ %Mw Gill. 1974; Brown, 1974; Verner, 1976; for
nothing to the offspring regardless of their mating strategy and thus do’ny I Sn._m:ar Q:zv:> _m Hoq,mv ’
depress the numbers of surviving offspring by investing energy in territorial al interference, Arnold, .

,. To our knowledge, only Rubenstein (in press) has aoBonw:mSJ
x res of sneaks and guarders may be the result of ?oncnss.\:
Jent selection; his paper deserves special note. m:o:ﬁ Mﬁﬁ”ﬁﬂﬂww m
, ing ‘ (i ources escape the a
esources being “‘leaky” (i.e. some res escape the att
al individuals and thus allow non-territorial individuals to
~.~8 X . . .
Rv:Bm:mQ work on variability in RHP in the no exclusion Mzoa.@_m
es one possible mechanism for the maintenance of several defensive
strategies (although they are pure ESSs 8:.&:5:& upon v:mzoﬂvﬂ
5t mixed ESSs). Modifications of our exclusion models may also ha
stential. All our exclusion equations were based on the mmmcawcws
<R/X, (i.e. that the costs of territorial defence never reduce H.o
er of mﬁﬂiam offspring to such a low level that some resources ntm:M
in the patch). Were this assumption to be violated, a mixture %a
ory holders and opportunistic users .om ::mcwanm resources ﬂooccn
jvably result (although a uniformly smaller territory size .Emw_: also ve
tionarily stable). Also, after suitable Boa_nnmconmocm mBoan Mamgw_w e
i i f defensive effort for gu
for stipulating the ESS amount of de /
ms with Mvnmww resources in which there is a mixed ESS for sneaks and
arders.
hm:% the “spite”” component of our models anmm?.om some Q.un:%om:r HM
m ,mv:o implies that an individual invests more 1n territorial o.wsﬁn_
the level that maximizes individual reproductive mchomM, ﬁmrmn.m M@M Mowﬂ
{7 i ion models. In the defensiv
can be found only in the exclusion : ve e or
¢ indivi i tant with a lower defensive ¢
Is, all individuals pack in and a mu a lowe: o
, r, there is still in a sense & sp
D, produces less progeny. However, °
vohomﬁ to the model, detectable by dependence of the Mmmm Awwnw,m
Sulation size and patch number. Because a component of a mu
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We have retained Hamilton’s (1970, 1971) use of the term “spite” [rathe inate” spite (to imply no recognition of non-relatives), it can spread only
than Rothstein’s (1979) “inhibition’’] for the strategy of harming oneself t Ehecause its effects can act &moaamsmag. . 0
harm others more. But there is an important distinction to be made} V inally, we would like to conclude with a omﬂ.:_osmnw note on .Em patc
Hamilton’s models concerned what could be termed “discriminate spite? umptions of our models. Throughout this and our earlier wmvom
the idea being that selection may favour behaving spitefully to individu sowlton & Parker, 1979) we described P as a fixed number wm patches o
who have less than average (for the population) relatedness to self. The s0 ources and examined the evolutionary 0:80.50 should a single E:«E:
of spite discussed in the present paper—and that relevant to all authors citedd e in one of the P patches. In the defensive effort ano_ E.ﬂm._m. a
in the paragraph above—could be described as “indiscriminate spite} asonably accurate representation cmnw.cmn mutant fitness is aoaaa_macn-
because no recognition of non-relatives is involved. ly expressed. In the competitor exclusion Boan._. .roim.zob BEEM Sﬁomw

Rothstein (1979) and ourselves (Knowlton & Parker, 1979) indepen an expected, rather than exact value, because it is iou.mr"oa by the se o
dently reached similar conclusions concerning the likely magnitude of spi robabilities that apply to taking up resources or being mxo._:ana. ..d:w
in natural populations (see also Tullock, 1979; Pleasants & Pleasants, 1979 robabilistic situation makes it desirable to Bo.am_ v.ov:::_osm i_wr a
Rothstein made the further point, however, that even small degrees of spi umber of mutants such that on average there is a single mutant in p
would be evolutionarily unstable against “‘resistors” (individuals who an atches. Framed in this way, however, P becomes related both to mutation
not themselves spiteful but who thwart the efforts of neighbours attemptin; ate (which also could be under selective influence) m:a. to the number of .
to take spitefully large territories). In our competitor exclusion model dividuals per patch. We have not attempted to incorporate Eom_o
successful indviduals obtain the number of resource units specified by th § complexities into our models, but it mroc_m be remembered that they only
strategy they are playing by virtue of some convention associated with affect the spite component of the ESS, which may be very small.
asymmetry independent of the resource use strategy (such as prior owne ;
ship or RHP; see Maynard Smith & Parker, 1976). A resistor mutant woul
suffer the considerable costs of escalation against the convention in additio
to the energetic costs of resistance itself. Although Rothstein did na
formally analyse resistance in his models, the strategy resembles “‘retaliad
tor” in Maynard Smith’s (1976) hawk-dove game (Getty, 1979). If the twg
are formally similar, then resistance may be an important component ofs
models based on discrete strategy sets (spiteful vs. non-spiteful behaviour)
it is not likely to affect the conclusions of ours (or other similar models
which seek an ESS from a continuous strategy set. .

Recently Colgan (1979), considering the two strategy game (spiteful vs
non-spiteful), suggested that in a mixed population the non-spiteful territory?
holders benefit from the action of spiteful individuals with superterritories
He therefore suggests that “‘spitefulness has become altruism”’. This seman
tic paradox arises through considering specific individuals rather tha

aggregate effects on specific genes. In estimating the fitness of the non
spiteful strategists, one must include both territory holders and non-holders
since they both carry genes for acting non-spitefully. When the spite
strategy is rare, there is never likely to be more than one superterritor
individual per patch, and any extra exclusion must therefore fall upos
non-spiteful strategists. So superterritoriality can spread, essentiall
because its effects can be non-random with respect to alternative alleles fo
spiteful and non-spiteful. Thus although we term superterritoriality “indis;

. . . . ... d Dilly
“We should like to thank Dan Rubenstein for discussion N.:E criticism, an

arrison for typing. A part of this work was ao:o. while ZN. held a 2>.HO
ost-doctoral Fellowship at the Sub-Department of Animal Behaviour, Madingley,

 Cambridge University.
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A Model Linking Segmentation,
Compartmentalization and Regeneration in
Drosophila Development
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“Four important aspects of insect development, namely the establishment of
the primary embryonic axes, the appearance of segments in the embryo,
compartmentalization in imaginal discs during development, and
B¢ regeneration of discs after experimental interference, have been the object
of extensive investigation. To account for each phenomenon, an internally-
consistent hypothesis has been formulated during the last few years. As yet,
however, little attempt has been made to relate these four fields to each
other. A model, based on the sequential establishment of a series of
"gradients whose function is to provide positional information to the cells
eand cause them to initiate defined developmental programmes, has been
eveloped to account for the clonal restrictions that occur throughout
evelopment, for the way in which cells behave during regeneration, and
for the action of a number of mutations.

1. Introduction

ich recent research on insect development has concentrated on four
or problems: the establishment of the anterior-posterior axis, and of
ments (see Sander, 1976), the subdivision of segments into compart-
nts (Garcia-Bellido, Ripoll & Morata, 1973, 1976), and the properties of
orphic regulation of imaginal discs and cockroach limbs after surgical
nipulation (Bryant, 1975a,b, 1979; French, Bryant & Bryant, 1976).
ypothesis have been formulated in order to explain the findings in each of
se fields: a model of lateral inhibition (Gierer & Meinhardt, 1972;
feinhardt & Gierer, 1974) for the specification of the longitudinal axis
hMeinhardt, 1977) and the subsequent division of this axis into segments
einhardt, 1978a); the “selector” gene hypothesis for compartment
ation (Garcia-Bellido, 1975); and the “polar co-ordinate” model for
egeneration of imaginal discs and cockroach limbs (French et al., 1976).

eceased 29 July 1979.
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