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Scramble in behaviour and ecology

G. A. Parker

Population and Evolutionary Biology Research Group, School of Biological Sciences, Nicholson Building,
University of Liverpool, Liverpool L69 3GS, UK ( gap @ liv.ac.uk)

Nicholson’s distinction between ‘scramble’ and ‘contest’ modes of competition has received widespread
attention in ecology and in behaviour, though the emphasis has been different between the two
disciplines. In ecology the focus has been on the effects on population; in behavioural ecology the focus
has been on the consequences at the individual level. This paper reviews and develops a theory of
scramble competition at the individual level, deriving a general evolutionarily stable strategy (ESS) for
individual scramble expenditure in a patchy habitat in which individuals compete in local groups for
available resources, and examines two population consequences. The critical parameter determining the
relationship between individual scramble expenditure and the number of competitors in a patch is the
expected resource per capita. If resource input, R, to a patch is constant and independent of the number
of competitors, n, then as the number of competitors increases, the per-capita resources declines as R/n,
and the ESS scramble level declines (in proportion to (n—1)/n?). However, if the resource input to a patch
is positively related to the number of competitors in the patch, scramble expenditure may increase with
the number of competitors. In the case where the per-capita resource input stays constant (i.e. R(n) = Rn),
the scramble level increases with competitor number (in proportion to (n—1)/n). There are plausible
ecological reasons why either of these extreme limits may be approached in nature, making it important
to ascertain the relationship between R and n before predicting individual scramble expenditure. For
example, resource input may be constant when groups of competitors are constrained to remain together
in given patches, and constant per-capita resources may be approached when ideal-free foraging rules
apply. However, in the latter case, scramble expenditure must be accounted for in determining the ideal-
free distribution. An analysis shows that this leads to ‘undermatching’, i.e. the ratio of numbers of
competitors for good/bad patches becomes progressively less than the ratio of input rates for good/bad
patches as the difference between the good and bad patches increases. A second population consequence
of the scramble ESS relates to the fact that scrambles may dramatically affect fitness. The per-capita gain
in energy can be reduced by a factor of up to 1/n as a result of scramble expenditure, potentially reducing
realized population size to as little as the square root of the maximum potential carrying capacity,
though reasons are given why such large reductions are unlikely.

Keywords: scramble competition; ideal-free distribution; evolutionarily stable strategies

doi 10.1098/rsth.2000.0726

1. INTRODUCTION

‘It is necessary to distinguish between two kinds of
competition, as they produce different effects upon the
patterns of population growth and maintenance. Scramble
is the kind of competition exhibited by a crowd of boys
striving to secure broadcast sweets ... . Its characteristic
is that success is commonly incomplete, so that some and
at times all, of the requisite secured by the competing
animals takes no part in sustaining the population, being
dissipated by individuals which obtain insufficient for
survival. With contest, on the other hand, the individuals
may be said to compete for prizes (such as a host indivi-
dual, or an amount of favourable space an individual can
arrogate to itself) which provides as much of the requisite
as an individual needs to enable it to reach maturity, or
provides fully for the development of one or more
offspring. Thus individuals are either fully successful, or
unsuccessful; and the whole amount of the requisite
obtained collectively by the animals is used effectively
and without wastage in maintaining the population’

A. J. Nicholson (1954, pp. 619-620)

Phil. Trans. R. Soc. Lond. B (2000) 355, 1637-1645

Nicholson’s seminal concept of the two forms of competi-
tive interaction relates more to their ecological outcomes
than to the underlying behaviour involved. Gains to
competitors in contests are all or nothing (individuals are
either ‘winners’ or ‘losers’), whereas in scrambles, all indi-
viduals achieve some gains, if sometimes less than enough
to survive and/or reproduce. The main thrust in ecology
has been the analysis of the population implications of
this difference. Contest and scramble are at either ends of
a continuum along which all actual competitive inter-
actions lie—in ‘pure’ contest there are a defined number
of winners, each getting as much in a competitive situa-
tion as they would get in the absence of competition, and
the number of losers (who get nothing) is given by
[number competing] —[winners]; in ‘pure’ scramble all
competitors get a share of resource, and where this is ‘not
enough’ they die or fail to breed.

These concepts have been subject to different emphasis
in behavioural ecology, where the focus has been on how
animals compete behaviourally, and on the implications,
at the individual level, of how the resource is divided

1637 © 2000 The Royal Society
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among competitors. For contests, the aim has been to
deduce what forms of behaviour (e.g. what conventional
rules for settlement) may be evolutionarily stable under
the game rule that resources are indivisible. For scram-
bles, the aim has been to deduce evolutionarily stable
levels of scramble and their behavioural implications
under the game rule that the resource can be shared
among the competitors.

Though they retain more or less the original implica-
tions in behaviour as in ecology, the emphasis has been on
understanding how the ecological rule (shareable or
unshareable resources) affects the evolution of behaviour

B

>"rather than on understanding how its outcome affects
populations. There has been much focus on contests in
F- b ehavioural ecology, starting in the mid-1970s (e.g.
— Maynard Smith & Price 1973; Maynard Smith & Parker
O 1976; Maynard Smith 1982) and major advances were still
Ocontinuing a decade later (e.g. Enquist & Leimar 1983,
g 1987). This literature contributed considerably to the early
development of evolutionarily stable strategy (ESS) theory
(for a review, see Maynard Smith 1982). In the behavioural
ecology sense, in scrambles there are no clear winners or
losers—individuals compete by increasing their effort in
w . .
O harvesting the resource. There have also been extensive
ESS analyses of scrambles, both generally (Parker 1985)
and in a wide variety of specific contexts: territoriality
(Parker & Knowlton 1980); sexual advertisement
(Andersson 1982, 1994; Parker 1982); intrafamily games
(reviewed in Mock & Parker 1997); sex allocation (e.g.
Charnov 1983); sperm competition (reviewed in Parker
1998); and food foraging (e.g. Shaw et al. 1995).

In this paper, a model for the evolution of scramble
behaviour is reviewed and developed, together with a
summary of its behavioural consequences and an outline
of two ways in which the underlying behaviour may affect
populations.
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2. A SIMPLE MODEL FOR SCRAMBLE BEHAVIOUR

The original version of the scramble model developed
—— here is due originally to Parker (1985; see also Parker &
Knowlton 1980), and a more recent treatment was given
in Shaw et al. (1995). A rather similar model that
examines the effect of kin selection on scramble behaviour
was analysed by Godfray & Parker (1992). The explicit
>=assumption is that individuals compete by scramble
f— competition to obtain fitness-related resources from a
ppatch within a habitat. An individual can increase its
=4 == share of the resources by increasing its foraging activity
Ha (Jor ‘scramble level’.
I O The population 1is structured into local patches
whcontaining (say) food resources. Each patch contains a
number of competing foragers, and each competitor
adopts a scramble strategy that is related to the number
of competitors in the patch and the quality of that patch.
An ESS scramble level is sought in relation to the two
L variables: number of foragers and the patch quality. For
present purposes it is assumed that the resources in a
patch are shared equally among the foragers, i.e. compe-
titive abilities are equal. (The model could be extended to
include unequal competitive abilities, e.g. by following
the approach of Sutherland & Parker 1985; Parker &
Sutherland 1986, Let
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PHILOSOPHICAL T
TRANSACTIONS
O

Phil. Trans. R. Soc. Lond. B (2000)

n = the number of competing foragers in a patch;

R(n) = the rate of input of resources to a patch (patch
quality), which may relate to the number of fora-
gers;

$ =a competitor’s strategy for its scramble level,
where ™ is the ESS scramble level;

E(S) = a competitor’s rate of energy expenditure through
scrambling at level S (E is assumed to increase as
S increases);

G(S) = the rate of net gain in energy through scrambling
at level S (equal to uptake rate minus expenditure
rate).

A competitor can increase its share of the gains by
increasing its scramble level, S. Explicitly, it is assumed
that it gains a proportion of R that matches its contri-
bution as a proportion of the total scramble, i.e. its share
of the resource is equal to its own scramble level divided
by the total of the scramble levels of all the competitors in
the same patch. Though a variety of relations are possible,
such an assumption would be approximated under a wide
range of biological conditions, the most obvious occurring
where scramble level is foraging speed and foragers
search randomly in the patch for prey items. Thus if an
individual scrambles to level S in a patch where all other
competitors scramble at the ESS level $”, its net gains will

be

R(n)S
S*] - E(5) (10

619 - o| 5 L

where constant ¢; converts the food items gained per unit
time into the same energy units as are spent through
scrambling at level S. Obviously, if the model is to be used
for some other form of scramble (e.g. mate searching),
E(S) would be in some other units, and ¢; would scale the
resources gained appropriately. If all competitors play the

ESS, §°,
cR(n)

n

G = — E(S"). (1b)

It 1s unlikely that net energy gain converts linearly into
fitness. Suppose that the fitness gain due to a net energy
uptake of G(S) units is W(G(S)), where I is some mono-
tonic increasing function of G. 'Io find the ESS, we require
that

dW(G(S))

ds
subject to the second derivative d*W/dS? <0, at S =S,
for a maximum (see Maynard Smith 1982).

Substituting (1) into (2) and differentiating gives the
result that

dw R(n) n—1 dE(S) 0

iy _ =

dG ['\ n ns* ds ’

and thus we can see that the explicit way that energy
converts into fitness, W(G), is unimportant—all that is

=0,ats =5, (2)

required is that I is some increasing function of G so that
the derivative dW/dG is positive in order to produce the
ESS solution
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Figure 1. (a) Energy expenditure, £, in relation to scramble
level, S, from equation (4), with =1, 2 and 5 (¢, = 1.0).

(b) ESS scramble level, S*, in relation to the exponent, a,
from equation (5), with ¥'=0.1, 1 and 10 (see §2).

soa(L)(=hmy) )

(see also Shaw et al. 1995). The reason for bracketing the
terms in (3) will become apparent later.

We cannot proceed further unless the function £(S) is
defined. The most plausible relationship biologically is that
energy expenditure increases with increasing gradient as
an individual’s scramble level increases. Such increasing
costs are well established for the physiology of movement:
for example, in fishes the energetic costs of movement
increase in proportion to the cube of the speed (e.g. Wardle
& Videler 1980). A simple but flexible explicit form for
E(S), and one often used in physiological studies, is

E(S) = 6,57, (4)

s
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where ¢y 1s a constant of proportionality. At a given ¢y,
increasing the exponent constant a above 1.0 causes an
increasingly bowed relationship between scramble level,
S, and energy costs, £ (see figure 1), making scramble
levels below 1.0 cheaper and levels above 1.0 more
expensive. An exponent a < 1.0 implies that costs rise
progressively less steeply with scramble level, something
generally not found and biologically implausible. Hence a
minimum limit for a can be regarded as 1.0.
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Substituting equation (3) into equation (4) gives the
ESS scramble level

ClEEE

Before analysing the behavioural and population
implications of competition, the effect of the exponent
a on the ESS scramble level, S*, requires clarification.
If equation (5) is simplified as S"= (V/a)'", where
V= (c/ey)(R[n)[(n—1)[n], we can see how S* varies with a
when all the other terms are held constant. Figure 15
shows the relationship between $*and « at different values
of V. Though the ESS scramble level $* converges to 1.0 as
a — 00, the approach to this asymptote can be from
above (high V) or from below (low V), and at inter-
mediate ¥, $* drops to a minimum and then converges to
the asymptote from below.

However, two points must be noted. First, at a given a,
the ESS scramble level is always increased by increasing
V2 it is in a sense the biology of V that is the subject of the
present paper. Second, although the relationship between
the ESS scramble level, $*, and exponent a is rather
complex, the relationship between the energetic costs of
$* and a are simple: energetic costs of S* are inversely
proportional to a (see §3). Thus increasing costs of
scramble can be modelled by decreasing a from some
hypothetical maximum towards infinity (generating zero
costs) to its plausible minimum of 1.0 (generating highest
scramble costs). In real systems, @ will be determined by
obtaining the best fit for parameters a and ¢, from physio-
logical or other data.

3. BEHAVIOURAL CONSEQUENCES OF THE MODEL
Note that the right-hand side of the ESS equation (5)

contains three parts within the square brackets:

(i) a constant term, ¢;/acy;
(i) a ‘resource share’ term, R(n)/n, which is the number
of resource items input per competitor;
(ili) a term (n—1)/n, which is dependent only on the
number of competitors.

Two plausible ecological applications of the second
term will be considered in detail. The simplest and most
obvious interpretation of the model is that input of
resources to a patch is entirely independent of the number
of competitors exploiting it, so that R(n) is constant = R.
The second term becomes R(n)/n= R/[n. For this case, n
becomes a component of both the second and third
terms, generating the term (n—1)/n?, which decreases
with 7 (approximating to 1/z at high n).

However, in some instances the resource input is likely
to correlate positively with the number of foragers in a
patch. For instance, if foragers distribute themselves in an
ideal-free fashion within a habitat, the number of compe-
titors in a patch will tend to match the input rate of
resource (Parker 1978), so that R(n)~Rn. Then the term
R(n)[n will tend to be held constant ®R—except that we
must, of course, take account of the scramble costs them-
selves in calculating the ideal-free distribution (analysed
in §4(a)). Since it forms an interesting upper bound under
ideal-free considerations, the case where R(n)/n is held
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Figure 2. ESS scramble level, $*, in relation to the number, n,
of competitors present in the patch, from equation (5).
Continuous lines, scramble level when resource input, R, is
held constant; broken lines, scramble level when resource
input per capita, R/n, is held constant. Two values of a are
plotted for each condition, and ¢,/¢, = 1.0. (a) R or R/n=10.
(b) R or R/n=>5. The black dots at the intersection of the
continuous and broken lines occur where the resource per
capitais equal (n =101n (a), n =5 1in (b)), and where the ESS
is the same.

constant= R is also examined. Then, the only term
relating behaviour to competition level is the third term,
(n—1)/n, which increases with 7 up to an asymptote of 1.0
for large n. In addition to ideal-free foraging, there are
other biological circumstances where R/n may remain
roughly constant. One example might be nestling feeding
when parent(s) supply resources in proportion to the
number of offspring in the brood. If one egret chick dies,
the parents reduce their total input to keep the input per
 chick roughly the same (Mock & Lamey 1991). Similar
effects are found in siblicidal brown pelicans (Ploger
1997). Another example may be sexual advertisement
scrambles of displaying males (Parker 1982), in which the
total number of females attracted to a lek increases
approximately in proportion to the number of lekking
males (e.g. Sutherland 1996).
"To differentiate between the two cases, call

TY

OF

(i) ‘resources constant’ (or R constant) the case where
Rin)=R; ie. are independent of the
number of competitors;

(ii) ‘per-capita resources constant’ (or R/n constant) the
case where R(n) = Rn; i.e. resources increase in direct
proportion to the number of competitors.

resources

TRANSACTIONS 1 HE ROYAL
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(a) Seramble level

Figure 2 shows the ESS scramble level for the two
cases, calculated from equation (5) using two values of a
(1 and 5). In figure 24, R=10, and in figure 2b, R=15.
There will be one value of # at which the ESS scramble
level must be equal under both interpretations: this is
where the resource per capita is equal (n =10 in figure 2aq,
n=7>5 in figure 2b). The following conclusions emerge.

(1) If resources are constant (continuous curves), the
scramble level declines gradually towards an asymp-
totic minimum of zero (for vast n) as the number of
competitors increases above n=2. At n=1 (no
competition), the scramble level is zero; at n = 2, the
scramble level is maximum.

(i1) If per-capita resources are constant (broken curves)
there is a monotonic increase in scramble level from
zero as n increases from zero towards an asymptotic
maximum set by the constants R/n, a, ¢/co.

(i11) If the costs of scramble level are sharply accelerating
(@=5, see figure 1), the two cases give rather similar
ESS scramble levels, and there is very weak depen-
dence on n. This occurs because the gradient of £(S)
changes very rapidly as § changes, confining the
ESS to a relatively narrow range of § (see equation
(4)) across a wide range of n. If the costs of scramble
level simply increase linearly (@ = 1, see figure 1), the
gradient of E(S) is constant, the two cases can give
very different scramble levels and there is strong
dependence on 7z across a wider range of n. The
dependence is positive for the resources constant
case, and negative for per-capita resources constant.

(iv) Increasing the available resource (R) increases
scramble level in both cases (compare figure 2a,b at
given values of @ and 7).

Thus there are important ecological influences on the
expected behaviour: above n = 2, the ecological assump-
tion about the resource—competitor relationship changes
the sign of the predicted relationship between competitor
density and scramble level.

(b) Energy expended per unit of energy gained
A measure with both behavioural and ecological
implications will be the amount of energy loss by each
individual in the scramble. Substituting equation (5) into
(4), note that the exponents cancel, giving the ESS
scramble energy expended as a function of both R and #:

c R(n n—
pewn - (2)(AR)(122)

Substituting into equation (16), we see that the net
energy gain at the ESS is

G(s") = (ch(n)) ((a—iin+ 1) (6h)

In figure 2, at a given set of constant values, the two
cases (R constant, R/n constant) only experience one
point at which the per-capita uptake of resources is equal
(shown by the black dots in figure 2a,b). The energy

expended per unit of resource gained for the two cases

can be calculated to generate a more direct comparison of
scramble expenditure that relates simply to competitor
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energy expended/energy gained
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number of competitors, 1

Figure 3. Energy expended for each unit of energy gained at
the ESS, in relation to the number, 7, of competitors present
in the patch, from equation (7) with =1, 2 and 5.

THE ROYAL
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density. At the ESS, each competitor gets a rate of energy
uptake of ¢;R(n)/n for a rate of energy expenditure of E".
The ratio (energy expended : energy unit gained) at the
ESS is therefore independent of the ecological assump-
tion, and is

E(S*(R,n)) 1 n—1 .
o~ ()5 d
Thus at the ESS, the scramble level i1s geared to keep
the ratio of energy loss to energy gain directly propor-
tional to (n—1)/n. As n increases, scramble level maintains
a constant cost/benefit balance of energy with an asymp-
totic ratio of a ! (see figure 3), following equation (7). The
higher the a value, the more favourable the cost/benefit
ratio at the ESS (figure 3). If a =1, the asymptotic ratio is
I; scramble causes all the energy gains to be offset by
energetic costs if the number of competitors is high.
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(c) Scramble level per unit of energy gained
The scramble level per unit of energy gained is

'S ) [(—L) (&_z) (;1>]/

o R/n ¢, R(n)/n ’

(8)

which will again be different in the two conditions (R
constant, R/n constant), except if a=1 (when the right-
hand side denominator then cancels with the middle term
of the numerator), and/or at the value of n where the
same per-capita energy uptake shown
previously in figure 2. S* is plotted against # in figure 4
for a=1 and 5. With a=15, the R constant case rises
almost linearly across the range n=1-10, but the R/n
constant case very quickly asymptotes and becomes
virtually independent of competitor density for n > 2.

occurs, as

SOCIETY

(d) An experimental example
An experimental study has provided some evidence for
the above predictions. Shaw et al. (1995) investigated
feeding scrambles directly in the cichlid fish Aequidens
portalegrensis by taking swimming speed (number of
squares crossed per 120 s in a grid on the side of the tank)
as the measure of scramble level. From n =1-10 fishes in
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scramble level per unit energy gain

number of competitors, n

Figure 4. Scramble level per unit energy gained at the ESS, in
relation to the number, 7, of competitorspresent in the patch,
from equation (8) with a = 1 and 5; ¢; = ¢, = 1.0. Continuous
lines, scramble level when resource input, R, is held constant is
10; broken lines, scramble level when resource inputper capita,
R/n, is held constantis 10. When a = 1 (dotted line) the
scramble level is the same for the two cases, since R(n)/n then
cancels from the right-hand side of equation (8).

an aquarium were fed from above with standard-sized
flaked food and movement rates during each feeding trial
were recorded with a video camera. Two rates of feeding
were used, one item every 5s, whatever the number of
fishes (resources constant), and one item every 50s for
each fish (per-capita resources constant), with n=10
fishes having the same per-capita gain in both experi-
ments. The relationship between energy expenditure E
and swimming speed S was taken from a biophysical
expectation (see Wardle & Videler 1980), which predicts
E to increase as the cube of swimming speed (a@=3),
multiplied by constants relating to water density, surface
area of the fish and the coefficient of friction between the
fish and the water. These constants would enter into equa-
tion (5) within the general constant ¢/3¢,. Shaw et al.
(1996) obtained a best estimate of this general constant
from all their data, then used it to predict the relationship
between foraging speed and number of competitors in
each feeding regime. The two regimes showed signifi-
cantly different responses to increasing fish density. As
expected, the R constant case showed a decrease in fora-
ging speed with competitor density, but the R/n case
showed little effect of density (a weak positive relationship
was expected). The observed average movement rate per
fish against fish density showed a good fit to the predicted
relationship in each feeding regime (qualitatively resem-
bling the a=35 curves in figure 4). Overall, the fit
between observation and prediction was encouraging,
though the behaviour of solitary or paired foragers (n =1,
n=2) was not predicted by the model in the R/n constant
case, being much higher than expected.

4. POPULATION CONSEQUENCES OF THE MODEL

Two population consequences of the scramble model
are considered. The first concerns the way in which
scramble may affect ESS distributions of competitors
within a habitat, and the other concerns its effects on net
gains, fitness and ESS population size.
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(a) Ideal-free distributions under scramble
competition

Under the ideal-free distribution theory (Iretwell 1972),
equal competitors are distributed in habitat patches such
that each individual cannot do better by moving to an
alternative patch. At the ideal-free ESS, individuals all
achieve equal fitness whatever patch they are in (e.g.
~___ Parker 1970). For our purposes, equal fitness is achieved
@ by equal gains per individual across all patch types 1, j, £,
etc. For fitnesses to be equal, net per-capita gains must be

equal, so that

J‘(ka) = Gk(s;:) =

J
constant G* for all patches,

where G* is the expected gain, all scramble levels opti-
mized at S, S, S, etc., from the entire habitat. Thus

> G,
~
25
O
)
)

where the numbers in each patch ¢, j, are n, n, ... etc,
we can write
G,/(ST) = ¢, R(n))[n, — E(S7) = G" for all i,j, ... . (9a)

L The difficulty immediately arises (as in most analyses
of ideal-free foraging) that biology requires solutions to
have integer values for n, though this will seldom apply
from the mathematics. I will follow tradition and ignore
this problem.

In the present analysis, assume that resource input to
patches is constant, so that R is independent of n (i.e.
R(n) = R). Then if energy costs follow equation (4),

TRANSACTIONS | HE ROYAL

Gi(SD =R (n;)[n; — 528;4 = G*> (90)

where the expected gain at optimization is

* 4 R[ *q
G = Zl’i(ln_,f_ﬁsi >> (9)

in which p; is the frequency of patch types ¢, j, etc. across
the entire habitat.

Assume that the competitors distribute themselves in
an ideal-free fashion by some rule that takes into consid-
eration that in each patch ¢, the n; competitors will then
play their ESS scramble level $*(n;). We can then sub-
stitute S* from equation (5), with R(n) = R, into equation
(9b), giving the result that

(61R>((61— l)ilf+ 1) _

for all patches 7,, £, .. . etc.

>~
= (
%)
@,
@) (10)
W)

(cf. equation (60)). This gives a quadratic solution for the
number of competitors in a given patch ¢

_ _ G*
L = (a— 1)+ (a— 1)+ 4q; . where a, = aG .
®) 20 o R,

l (106)
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If we look at the ESS ratio of numbers of competitors
in patch 7 to the number in patch j, we see that this ratio
is

Phil. Trans. R. Soc. Lond. B (2000)

ﬁ_(&)((u—l)+ (a—l)+4-a>
i AR\ (a= 1)+ Jla— 1) + 40, )

where «; = (%), a; = (f—ﬁ%) (10¢)
I first compare this result with the typical result for
input but without the effect of
scramble. For such studies, the net energy gain per
competitor in patch ¢ is simply G;(S7) = ¢R;/n] because
there are no scramble costs. Applying a parallel analysis,
we get the familiar input matching rule (Parker 1978):

w ok,
n; = G* 5

i.e. the number of competitors in a patch ¢ should simply
match the input rate to the patch scaled by a constant
term. Calling the ratio of patch inputs or qualities
p;j=R;/R;, the ratio of competitors in patch ¢ to competi-
tors in j becomes

continuous studies

(11a)

~Tx

~ ;- (116)

I
|

g§*| S

This can be compared with equation (10¢), in which the
competitor ratio is also related to p;;. With input matching
equation (110), increasing the total population of competi-
tors in a habitat will not alter the proportions exploiting
the different patches (see Tregenza 1995 Tregenza et al.
1996). However, the right-hand side of equation (10c¢)
contains the term G* within the constants q;, a;, which is
a function of n;, n;, ... etc. (see equation (9¢)). Therefore
under scramble changing the total competitor density in
the habitat may change the ratios of competitors in the
patches.

Two extreme limits for a can readily be examined in
equation (106). The extreme, where a=1 (resulting in
highest scramble level), gives

aR;
no=A\G (12a)
i.e. the number of competitors in a patch should equal the
square root of the resource-input rate times a constant.

The competitor ratio from equation (10¢) is simply

<~y

R,
~\ 2= VP (125)
J

g§*| S

l.e. it equals the square root of the input ratio, rather
than the input ratio direct, as in the non-scramble version
of ideal-free under continuous input. The other extreme
has a approaching infinity (resulting in zero scramble
expenditure at the ESS in all patches, see equation (6)).
Here we obtain results equal to equations (1la) and (115)
for ideal-free without scramble.

Figure 5 shows how the competitor ratio in equation
(96) changes with a at different input ratios of resources
to the patches, p;;=R;/R;, between these two extremes.
The broken line is for input matching (limit where
a — 00). As a decreases towards 1, the deviation from
input matching becomes marked: there is pronounced
‘undermatching’, i.e. fewer competitors occur in the
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Figure 5. ESS ratio of competitors in patch ¢ to those in patch
75 nl‘/n]‘, in relation to the ratio of resource inputs to the two
patches, R;/R;, witha=1, 2 and 5; ¢; = G* =1.0. The expected
relation for input matching is shown as a broken line.

better patch than suggested by the patch ratios. Under-
matching 1s a common feature of continuous input studies
(for a review, see Tregenza 1995).

In summary, scramble competition could result in a
marked deviation from ideal-free distribution, with fewer
competitors in the best patches than would be expected
by input matching. The effect causes a more even spread
of competitors among patches than would otherwise be
expected from the variation in resource input rates
among patches.

(b) Fitness reduction and ESS population size

Parker (1985) noted that there could be a dramatic
fitness reduction arising from a simple version of this
scramble model. The net energy gain under the scramble
ESS in a patch ¢ containing »; competitors is given in
equation (10a). Note that the first term in brackets in this
equation 1s the per-capita gross gain and the second
bracketed term is a reduction factor, which represents a
proportionate loss of this gross gain due to the scramble
expenditure. Thus when there is zero scramble level
(equivalent to very large a), this second term becomes 1.0,
and the gross gain per competitor is retained by all indi-
viduals. When scramble expenditure is maximal and
a=1, the second term becomes 1/n;, and the gross per-
capita gain is reduced by a factor l/n; because of the
scramble expenditure. This could obviously exert major
effects on populations.

If scramble expenditure alone controls populations, we
can make some estimate of the maximum reduction in
population size that it could cause. For simplicity,
imagine that all patches in a habitat are of equal size and
quality. We seek an ESS number, n*, of foragers per patch,
maintained by the effect of scramble, which when multi-
plied by the number of patches in the entire habitat gives
a measure of the ESS population size.

To do this, we need to know the relationship between
fitness and net gains, i.e. W(G"). For simplicity, assume
that net gain converts linearly into fitness, so that
W(G") = bG*, where b is a positive constant. (In reality,
fitness 1s unlikely to be linearly related to per-capita gain

Phil. Trans. R. Soc. Lond. B (2000)

and more likely to show diminishing returns with G
Then at stable state, the number of foragers returning to
each patch at the next generation occurs where number of
competing foragers n"=bG"n", i.e. where W(G") =1.
Defining K = n_ . as the maximum carrying capacity per
patch, achieved when there is no scramble expenditure,
if there is no scramble expenditure,
Goax = OR[N0, sO that K =0G, .. =boR; ie. K is

proportional to the total resource input to the patch.
Substituting G* from equation (12) gives

we see that

= ]{((a_l)—fﬂ>; (13a)
an
so that
K(a— K2(a—1)? K
K )+ VE2(a— 1)+ 4a . (138

2a

It is easy to see that equation (13a) gives the expected
result that n* =K if a is very large so that there is no
scramble expenditure, and (134) gives n* = VE when
there is maximum scramble expenditure (@ =1). Thus in
principle at least, scramble competition could reduce the
population to the square root of potential maximum
carrying capacity. Note, however, that this is a maximum
and can occur only under maximum scramble and when
the number of competitors in a patch is equal to the ‘effec-
tive number of competitors’ (see § 5).

(c) Effect of distribution on net gains

Finally, it is of interest to compare the net gains under
various types of distribution. To make the analysis more
tractable, suppose that we categorize patches within the
habitat as ‘good’ (A) or ‘bad’ (B), having respectively the
input rates R,, Rp, and let A and B types occur with
equal probability (0.5). Thus the average total input per
patch is R= (R, + Ry)/2.

Suppose first that the number of competitors in a patch
is constrained at z in all patches—individuals are not free
to move to better patches. However, assume that they can
monitor the patch input rate and play their ESS scramble
level S* in relation to R and n. The expected net gains to
an individual, assuming that competitor number in
patches is equal, is

G = [(c;Ry[n — C2S;*xd) + (o Rg/n — C2SEQ)]/2,

which gives

@y

cf. equation (10a).

Suppose now that we remove this constraint so that
individuals adopt the ideal-free distribution. From equa-
tion (10a), we set the net gains equal in patch types A and
B and obtain an expression in terms of ideal-free compe-
titor numbers, 7}, g,

R, n*f npla—1)+ 1
R_ = PaB T o | .
B ng | ni(a—1)+ 1

(15)

Where the mean number of competitors per patch 1is
n=(ny + ny)/2, then equation (15) can be used to solve
ny, ny, and hence G* (from equation (10a)) at any value
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Figure 6. Net per-capita gain, G, in relation to the input
ratio R, /Ry, at the limits for scramble of @ = 0o (zero scramble
expenditure) and ¢ = 1 (maximum scramble expenditure) for
ideal-free distribution of competitors (continuous lines) and
constrained movement (dotted line). G* for a = oo for
constrained movement is the same as for ideal-free.
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to the limits ¢ =1 (maximum scramble) and ¢ — oo (no
scramble, input matching applies). This gives
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a=1, ny=2n/pxp/(1 + /pap); (16a)
a— 00, ny — 2npp/(1+ pug)- (160)

Net gains, G*, can now be calculated from equation (16)
via equation (10a), and from equation (I5). Since
R, = paplp=2Rp/1 + p), we obtain

. CIE (1+M)2>
a= G=|— )| ———|; a
b (n>(2n<1+m> ’ (172)

a— 00, G = (ﬁ)
n

see figure 6. As expected, if @ — 0o there is no scramble
and so the net energy gain is proportional to the mean
patch quality divided by the mean competitor number
>= (equation (176)), exactly as it is if competitors movement
f=is constrained (equation (14)). This at first appears odd;
L higher net gains might be expected with ideal-free since
== individuals are free to exploit the habitat in a way that
() competitively maximizes individual fitness. However,
I Owithout any scramble costs, the expected gain per capita
= wnin both cases is simply the total resources divided by the
total competitors. Only the variance in net gain between
individuals changes between the models—under ideal-
free, all individuals get equal gains, under constraint,
some individuals gain more than others, depending on
L pap- Consider the extreme case where p g — 00: if indivi-
duals cannot move freely, half the individuals get double
the gain that all would get under ideal-free and the other
half get nothing. Thus the fact that expected net gains are
equal does not mean that it will not pay individuals to
move—if free to move, individuals in a bad patch will
always gain in the constrained model by moving to a

(17)
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good patch. Although expected per-capita gains are equal
in both models, fitnesses will only be equal if fitness
increases linearly with G. Fitness will be higher under
ideal-free if I/ shows diminishing returns with G.

With maximum scramble, the net gain is proportional
to R/n* when movement is constrained (equation (14)); i.e.
it is 1/n that of the former case because of the scramble
costs (equation (174)), and unrelated to p,g. However,
under ideal-free assumptions, G* becomes related to the
disparity between patch types (equation (174)), declining
weakly with p,p (figure 6). Rather counter-intuitively,
under ideal-free, as patch variance increases and pap
increases above 1.0, maximum scramble conditions cause
net per-capita gains to be lower than when free movement
is constrained (figure 6). The difference between the two is
small, reducing as n increases. This occurs because, at
scramble, the ideal-free competitor ratio
increases only as the square root of the patch input ratio
(see equation (126) and figure 5), so that the competitor
numbers differ less from n than might at first be imagined,
damping down the difference in net gains between the
models. Thus the main influence on G* is the extent of
scramble costs rather than any difference in distribution
due to free or constrained movement between patches.

maximum

5. DISCUSSION

This paper shows that the average per-capita resources,
R(n)/n, and the way in which scramble costs rise with the
level of scramble (defined by a), exert major effects on
scramble behaviour. An experimental study designed to
test this (Shaw e al. 1996) was in general successful.
Scramble will affect the predictions of ideal-free distri-
bution theory, and some degree of undermatching is
expected. While undermatching is implicit or explicit in
several of the cases reviewed by Tregenza (1995), two
cases of overmatching are noted. These cannot be
explained readily by the present analysis.

It is interesting that Nicholson (1954) saw scramble
competition as having potentially more drastic effects on
populations than contest competition. To assess the
maximal effects of scramble on populations implied by
the present analysis, it is important to distinguish
between the number of individuals exploiting a patch,
which we can call N, and the ‘effective number of
competitors’, which we call n. We have until now
assumed that N=n. But in a large assemblage of N
competitors, it seems likely (from the point of view of a
given focal individual) that only a subset of n—1 others
actually compete for a subset of the total R items that
are being input to the entire patch. If zn= N, then we
expect that the subset of items for which n competitors
compete is R/z. Calling, as before, the maximum poten-
tial carrying capacity for the entire patch A = bo\R, then
applying an analysis parallel to that in equation (4¢), we
find that that under conditions for maximum scramble
(@=1), the ESS population size now becomes N*
= 2V/KTz. For z =1, the prior result that N* =K again
applies since n"=N*. As z increases above 1, N*
becomes closer to K than the previous estimate of VE.
A theoretical maximal limit of z=£K (i.e. eflective
competitor number =1) implies that this effect can raise
N* to K. A second reason why populations are unlikely
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to be reduced to \/F, even if scramble competition were
to be the sole determinant of stable population size, is
that the energy costs of increased scramble may be very
bowed (@>>1; see figure 1) resulting in rather little
expenditure, so that N* approaches K. Shaw et al. (1995)
used published expectations from biophysics to estimate a
as three in their study on fishes, on the basis that swim-
ming speed would best fit the notion of pay-offs through
S as defined in equation (1).

For the past quarter of a century, John Maynard Smith has had
an influence on my research far exceeding that of any other
person. This seems an appropriate place to express my warmest
thanks to him, not only for this influence, but also for his friend-
ship, stimulation and inspiration. I also thank S. J. Hutchinson
for useful suggestions for improvement of this paper.

REFERENCES

Andersson, M. 1982 Sexual selection, natural selection and
quality advertisement. Biol. J. Linn. Soc. 17, 375-393.

Andersson, M. 1994 Sexual selection. Princeton University Press.

Charnov, E. L. 1983 Sex allocation. Princeton University Press.

Enquist, M. & Leimar, O. 1983 Evolution of fighting behaviour;
decision rules and assessment of relative strength. 7. Theor
Biol. 102, 387-410.

Enquist, M. & Leimar, O. 1987 Evolution of fighting behaviour;
the effect of variation in resource value. 7 Theor Biol. 127,
187-205.

Fretwell, S. D. 1972 Populations in a seasonal environment. Princeton
University Press.

Godfray, H. C. J. & Parker, G. A. 1992 Sibling competition,
parent—offspring conflict and clutch size. Anim. Behav 43,
473-490.

Maynard Smith, J. 1982 Euvolution and the theory of games.
Cambridge University Press.

Maynard Smith, J. & Parker, G. A. 1976 The logic of asym-
metric contests. Anim. Behav. 24, 159-175.

Maynard Smith, J. & Price, G. R. 1973 The logic of animal
conflict. Nature 246, 15—18.

Mock, D. W. & Lamey, T. C. 1991 The role of brood size in regu-
lating egret sibling aggression. Am. Nat. 138, 1015-1026.

Mock, D. W. & Parker, G. A. 1997 The evolution of stbling rivalry.
Oxford University Press.

Phil. Trans. R. Soc. Lond. B (2000)

Nicholson, A. J. 1954 An outline of the dynamics of animal
populations. Aust. J. ool. 2, 9-65.

Parker, G. A. 1970 The reproductive behaviour and the nature
of sexual selection in Scatophaga stercoraria L. (Diptera:
Scatophagidae). II. The fertilization rate and the spatial and
temporal relationships of each sex around the site of mating
and oviposition. J. Anim. Ecol. 39, 205-228.

Parker, G. A. 1978 Searching for mates. In Behavioural ecology: an
evolutionary approach, 1st edn (ed. J. R. Krebs & N. B. Davies),
pp. 214-244. Oxford, UK: Blackwell Scientific.

Parker, G. A. 1982 Phenotype-limited evolutionarily stable stra-
tegies. In Current problems in sociobiology (ed. King’s College
Sociobiology Group), pp. 173—-201. Cambridge University Press.

Parker, G. A. 1985 Population consequences of evolutionarily
stable strategies. In Behavioural ecology: the ecological conse-
quences of adaptive behaviour (ed. R. M. Sibly & R. H. Smith),
pp-33-58. Oxford, UK: Blackwell Scientific.

Parker, G. A. 1998 Sperm competition and the evolution of
cjaculates: towards a theory base. In Sperm competition and
sexual selection (ed. T. R. Birkhead & A. P. Moller), pp. 3-54.
London: Academic Press.

Parker, G. A. & Knowlton, N. 1980 The evolution of territory
size—some ESS models. 7. Theor. Biol. 84, 445-476.

Parker, G. A. & Sutherland, W. J. 1986 Ideal free distributions
when individuals differ in competitive ability: phenotype-
limited ideal free models. Anim. Behav 34, 12221242,

Ploger, B. J. 1997 Does brood reduction provide nestling survi-
vors with a food bonus? Anim. Behav. 54, 1063—1076.

Sutherland, W. J. 1996 From ndividual behaviour to population
ecology. Oxford University Press.

Sutherland, W. J. & Parker, G. A. 1985 Distribution of
unequal competitors. In Behavioural ecology: the ecological conse-
quences of adaptive behaviour (ed. R. M. Sibly & R. H. Smith),
pp.-255-273. Oxford, UK: Blackwell Scientific.

Shaw, ]J., Tregenza, T., Parker, G. A. & Harvey, I. F. 1995
Evolutionarily stable foraging speeds in feeding scrambles: a
model and an experimental test. Proc. R. Soc. Lond. B260,
273271,

Tregenza, T. 1995 Building on the ideal free distribution. Adv.
Ecol. Res. 26, 253-307.

Tregenza, T., Parker, G. A. & Thompson, D. J. 1996
Interference and the ideal free distribution: models and tests.
Behav. Ecol. 7, 379-386.

Wardle, C. S. & Videler, J. J. 1980 Fish swimming. In Aspects
of anmimal movement (ed. H. Y. Elder & E. R. Trueman),
pp-125-150. Cambridge University Press.


http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-5193^28^29102L.387[aid=31886,csa=0022-5193^26vol=102^26iss=3^26firstpage=387]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-5193^28^29127L.187[aid=29661,csa=0022-5193^26vol=127^26iss=2^26firstpage=187]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2943L.473[aid=537297,csa=0003-3472^26vol=43^26iss=3^26firstpage=473]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-0147^28^29138L.1015[aid=537298,csa=0003-0147^26vol=138^26iss=4^26firstpage=1015]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-5193^28^2984L.445[aid=537299,nlm=7191938]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2934L.1222[aid=28862,csa=0003-3472^26vol=34^26iss=4^26firstpage=1222]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2954L.1063[aid=537300,csa=0003-3472^26vol=54^26iss=5^26firstpage=1063,doi=10.1016/S0169-5347^2899^2901722-X,nlm=9398363]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-5193^28^29102L.387[aid=31886,csa=0022-5193^26vol=102^26iss=3^26firstpage=387]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-5193^28^29127L.187[aid=29661,csa=0022-5193^26vol=127^26iss=2^26firstpage=187]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-3472^28^2943L.473[aid=537297,csa=0003-3472^26vol=43^26iss=3^26firstpage=473]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1045-2249^28^297L.379[aid=537302,csa=1045-2249^26vol=7^26iss=4^26firstpage=379]
http://rstb.royalsocietypublishing.org/

