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ABSTRACT: Evolutionary ecology often focuses on ways natural selection may mold
responses to environmental variation. Recent interest has been stimulated by empir-
ical results which indicate that animals respond to both the means and variances of
the net benefits associated with available behavioral options. This paper assumes
that an animal may exploit different types of patches or habitats during the course
of a day. Within a habitat more than one random attribute governs the animal's fit-
ness, a realistic possibility which is often neglected. Maximization of expected
fitness can produce either pure or mixed strategies, depending on (1) the way
environmental variation affects fitness, (2) variances and covariances within a
habitat, and (3) covariance between habitats.

* * *

Environmental stochasticity no doubt influences a variety of ecological and
evolutionary strategies (Southwood 1977). For example, stochasticity may govern
aspects of life histories (Cohen 1966, Schaffer 1974, Gillespie 1977, Istock 1978),
caste structure in social insects (Oster and Wilson 1978) and the expenditure of
time and energy by foraging animals (Schoener 1969, Oaten 1977, Real 1980a, Caraco
1980). Stochastic models may be preferred because they appreciate the variation
in benefits and costs which surely characterizes nature (Poole 1979). It seems
reasonable to assume that natural selection often will favor capacities to detect
and respond to this variation. Support for this assumption rests on the quanti-
tative demonstration of sensitivity to reward variance, termed risk-sensitivity,
in the foraging of hummingbirds (Pimm 1979), granivorous sparrows (Caraco et al.
1980) and nectarivorous insects (Real, in press).

Optimal strategies suggested by stochastic models often differ from the pre-
dictions of deterministic models, since the former consider the risk induced by
environmental variation. Risk, in this sense, refers to the possibility of doing
very poorly in terms of a currency of fitness. A relatively risky option may,
however, also provide a large probability of doing very well. Though risk need
not be strictly synonomous with variance (Pollatsek and Tversky 1970, Caraco 1980),
risk increases as the dispersion of benefits and costs increases. An animal's
respanse to risk should depend on the way variance affects fitness. For the risk-
averse organism, the expected value of a currency of fitness increases in the mean
and decreases in the variance of net benefits. For the risk-prone organism, the
expected fitness increases as both the mean and variance of net benefits increase.
Obviously, the strategies predicted by these two types of risk-sensitivity can differ.
Oster and Wilson (1978) provide an overview of the effects of not only stochasticity,
but also time dependence and linear vs. nonlinear dynamics, on optimal strategies.

The foraging models mentioned above deal with a single random variable (net
energy/time, or total net energy). However, many foraging animals face decisions
where the values of two or more components of fitness are influenced simultaneously
by the result of the behavior adopted (e.g. Caraco 1979). Utilization of available
habitats could depend on the associated probability distributions of random vectors
whose elements include currencies of foraging efficiency, predator avoidance, mating
opportunities, etc.

To examine aspects of habitat utilization in a multiattribute stochastic envi-
ronment, consider a risk-sensitive fitness function F(g). X is a random vector,
and its elements are the values of those currencies of fitness whose distributions

depend on the animal's pattern of habitat selection. F(X) maps probability distri-

butions of random vectors into a single numerical scaling of the animal's fitness.
* * *

Evolutionary Theory 5: 127-133 (December, 1980)

The editors thank N. Pearson and W.M. Schaffer for help in evaluating this paper.
© 1980, the author



128 Thomas Caraco

Depending on the problem considered, F(X) may represent the number of reproductives
an individual contributes to subsequent generations (e.g. Gillespie 1977, Oster and
Wilson 1978), a utility function (Keeney and Raiffa 1976, Caraco 1980) or some other
appropriate function. This paper takes the most general approach (Real 1980a, b)
and will let F(X) represent Darwinian fitness.

Characterizing F(X) as a risk-sensitive fitness function implies that habitat
selection must respond to variances, and to covariances between both different fit-
ness attributes and the values of individual attributes in different habitats.
Predictions must be conditioned on a given relationship between environmental vari-
ation and the animal's response (risk-aversion vs. risk-prone behavior), since an
individual's response to variation logically may change according to its circumstan-
ces (Caraco et al. 1980). General discussions of ecological conditions which might
induce the risk-sensitive behaviors discussed below have been examined at length
elsewhere (Oster and Wilson 1978, Real 1980b, Caraco 1980).

The Fitness Function

The following discussion rests, in part, on an ecological interpretation of
theorems developed in multiattribute decision theory (see Fishburn 1974, Fishburn
and Keeney 1975, Keeney and Raiffa 1976). I initially examine the various partial
derivatives of F(g), which express (1) the animal's sensitivity to yariation in the
different fitness attributes and (2) the way different attributes interactively
affect the organism's fitness.

For simplicity, assume that each attribute x, is scaled so that 3F(X)/dx, > O,
The actual value of BF(K)/BX may depend not onlylon the value of x, where th%s
derivative is evaluated, but also on the particular values of other fitness attri-
butes. Since 3F(§)/8x, > 0, the animal's fitness will be promoted by increases in
the expected value of dach x, . However, this increase in expected fitness may be
offset by a decrease due to 3 change in the variance of x,.

1f 32F(X)/8x2 < 0, attribute x, exhibits "diminishing returns" in terms of
fitness (Real 1986b). Concavity of %(g) with respect to x, implies that expected
fitness will decrease as the variance of x4 increases about its conditional expec-
tation (MacArthur 1967). Therefore, natural selection should render the animal
averse to behavioral options which entail a relatively large variance in xj. Avoid-
ing variation may be just as important as increasing an attribute's expectation
under these circumstances.

1f 32F(§)/3x§ > 0, expected fitness increases as the variance of x; increases
about the attribute's conditional expectation (MacArthur 1967). Convexity of F(X)
with respect to xj implies that the animal should favor variable rewards (i.e.
favor risk) in its behavior, since a positive deviation of %, from its conditional
expectation increases expected fitness more than a negative éeviation of the same
absolute value decreases expected fitness.

As mentioned above, BZF(K)/ax% is unlikely to be constant. For example,
foraging sparrows avoid variation in food reward size when their energy budget is
positive, but they prefer variable reward size when their energy budget is negative
(Caraco et al. 1980). The change in behavior is logical, since the choice made in
each case provides the higher probability that they will meet their daily energetic
requirement (see Caraco 1980). Despite this complexity, one safely can assume that
the sign, if not the magnitude, of 32F(X)/dx§ and 52F(X)/5x4 9%, will not be governed
by changes in the values of other attributes when these partials are evaluated at
given levels of xj and xp. Note that BZF(g)/Bx% = 0 implies insensitivity to risk
(and, therefore, variance) for attribute x .

The value of 32F(§_)/3xi Bxk indicates the way attributes x; and x, interact in
contributing to the animal's fitness. Note that the value of this partial deriva-
tive is independent of the covariance of x; and X - If 82F(§)/8xi Bxk = O,Xi and x)
interact additively in F(X). If this partial derivative is zero for all x4, xk'péirs,
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i # k, then the fitness function has a strictly additive form. That is, F(X) is
simply the sum of appropriately scaled univariate functions. Each such function
maps a single random attribute onto the real line, and F(X) does not include any
terms involving products of different fitness attributes.

It seems unlikely that a simple additive interaction accurately describes nature
(e.g. Caraco 1979). 1If 82F(§)/3xi 3%y # 0, x4 and %) interact multiplicatively in
contributing to fitness. F(X) may be extremely complex in this case, particularly
if the number of fitness attributes is large. However, we can assume that F(X)
behaves well enough that an approximation mimics its shape locally.

Suppose 82F(§)/8x axk > 0. Then x; and % interactively complement one
another (Keeney and Ra}ffa 1976). In this case, a decrease in value of one attri-
bute cannot easily be offset, in the sense of maintaining the value of F(X), by an
increase in the other attribute. Suppose that the two random attributes are total
net energy intake and the probability of avoiding predation. Interactive comple-
mentarity is likely to hold, since a bonanza of net energy hardly can make up for
near certain death by falling to a predator, and BZF(g)/axi 3%, will be positive.

If 82F(§)/3xi Bxk < 0, attributes x4y and X} interactively substitute for one
another. 1In terms of fitness, the animal must do well in at least one of the random
attributes. A large increase in one attribute more readily substitutes for a de-
crease in the other than is the case for interactively complementing attributes.

An Approximation

This section focuses on ways in which environmental stochasticity and different
forms of the multiattribute fitness function might affect habitat utilization. 1In
particular, the analysis attempts to identify conditions which may distinguish pre-
dictions of pure vs. mixed strategies.

Consider an animal which may exploit any or all of m habitats during the course
of a day. There are n attributes which influence the organism's fitness. Let X j
represent the value of the i~th random attribute in the j-th habitat; i =1, 2, ...,
n, and j = 1,2, ..., m. TFor example, X4 might be an index of foraging efficiency
in habitat j, while x,, might be the progability of avoiding predation in habitat
j, ete. Each habitat J is characterized by a known stationary probability distri-
bution of random vectors, h, (K). The mean column vector in habitat j is Vi, which
is the transpose of the vector (ET[ x,.] E[ x2.] ... E[ x 1 ). The eiements
of the variance-covariance matrix (assﬁ&ed nonsingular) associgéed with habitat i
are V [ x4;] and Cov [xj., xkj].

.The probability dis%ribution of X within any of the m habitats is assumed to
be beyond the control of the animal. However, the animal's habitat selection
strategy will, of course, determine the particular combination of means, variances
and covariances experienced. Let Pj be the proportion of the day spent in habitat j;

m m
0 f_pj <1, and jgl pj = 1. Then H(X) = jgl pj hj (X) is the consequent multivari-
ate distribution of thé values of the fitness attributes. H(X)is simply a linear
m

combination of random vectors, with elements Xipe where x, The

= .L. P. X,..
iH =1 %3 Tij
weighting factors (the pj) represent the animal's habitat utilization strategy.

Stochastic problems of this type are usually formulated in terms of the maximi-
zation of expected fitness, as is done here. Depending on the problem considered,
other objectives may be useful (Templeton and Rothman 1974, Coombs and Huang 1976,
Caraco 1980). I approach the problem by using a Taylor's series expansion about the
expected vector of fitness attributes as an approximation for F(X) (Schaffer 1978,
Real 1980a). For any habitat selection strategy, the second order expansion about

the expected vector,

Yy = (E [ Xq] E [ X2H] ... E[ x nH])T’ is
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F(X) = F(y,) + 3, A (x,, - E [ x. ./ D+ (1/2) ? 933— (x,, - E[ x,_1)?
= ~H i=1 ox, iH iH i=1 93x ” iH iH
1|y 1@
(1)
T 3X32§ G = B Dxgg) Oy - B Il s
i<k %1 Mk | (@)
where Z lies on the line connecting X and Yy Taking expectations,
EIFX] = Flyy) + A/2) izl %%g' vV lxggl + ifk 5%325__ Cov Ixypr Xyl (2
i|(2) i %k [(2)

v [XiH] is the variance of the single attribute X, as it 1s distributed in H(X).

The value of V [xiH] depends on both the variance of x, within each habitat,

i
\Y [Xij]’ and the between-habitat covariances of Xj’ Cov [xij’ Xir]’ where j and r
are different habitats:
m
= 2
Volxgy] 351 Py v [xij] + jfr Py Py Cov [xij, x, 1. (3)
jfr

Cov [xiH’ ka] designates the covariance between the values of the different attri-

butes Xj and xk as they are distributed in H(z):

m
Cov [x,ps ¥ ] = B [ Gy - E [xy]) (g — E (D], where E [x,,] = 551 Py Ei[xij])

For simplicity I examine the case of two habitats and two attributes (m = n = 2).
Then,
2 32F 2 2
E[FX] =FQ@) + 1/2) I 5= (py V [xy;) +p5 VIx,1 +2p, p, Cov [x,,, x,,1)
i=1 i
(2)
32F 2 2
+
9%, O% tpy Cov [ %y, 31+ p) Cov [x),, %]
1 2 (2)

(4)
+ Py Py (Cov [xll, x22] + Cov [X12’ x21] ) 3,

where p2 =1 - p;- Cov [ x 1° x22] is the coviriance between x. as it is distri-

1 1

buted in habitat 1 and X, as it is distributed in habitat 2. Cov [ X 95 x21] is

defined similarly. As pointed out by Oster and Wilson (1978) and Real (1980a, b),
negative between-habitat covariances of the Xy (Cov [xil’ X12] < 0) increase
expected fitness for risk-averse organisms, i.e. when 82F(§)/3xi < 0,

The nature of an interior extremum, if one exists, will depend on the shape of
the surface E [ F(X) ]. If the expected fitness is strictly concave function of
permissible values of p, and p,, an interior extremum may be the global maximum, and
a mixed strategy will bé optimal. 1If expected fitness is a strictly convex function
of permissible values of p., and p,, a pure strategy will be optimal. Substituting
P, = 1 - P> the second derivativé of (4)with respect to Py is
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2
%E [ F(X) 1 _ 3" F _
5 2 = 35 o (V Ix;]1 +V [x;,] = 2 Cov [xg), x4,1)
P1 i [(2)
32 F _
4+ 2 - (Cov lel’ x21] + Cov [x12’ x22]
Bxl 8x2 ) 5
- Cov [xll’ x22] - Cov [x12’ x21]).

1f B?E [F(X)]/Bpi < 0, a mixed strategy may be optimal. If
32E [F(X)]/Bpi > 0, a pure strategy will be optimal.

1. Independence. Suppose that all the covariance terms are zero. That is, the
random variables X115 Xyos %o and x,., are mutually independent. Then 82F(§)/3xl sz
does not influence the sﬁape of the €xpected fitness surface. The V [Xi'] are,
of course, positive. When the animal's expected fitness decreases with 1ncreasing
variation in the attributes (32F(X)/9x2 < 0 for i = 1, 2), a mixed strategy may be
optimal. In the special case where the expected vectors in the two habitats are
equal ( Y, = 12), F(y.) is a constant independent of Pys since F(y,) = F(pl Y, +
(1 - pl) 12). In this case a mixed strategy is necessarily optimgﬁ for the risk-
averse organism. 2

If the animal prefers high variance in both attributes (B2F(X/ox; >0, i = 1,2),
a pure strategy will be optimal., Should the animal prefer variation %n one attribute
and avoid variation in the other, a mixed strategy may still be optimal, depending
on the relative magnitudes of the quantities involved. For example, it 1is possible
that "partial preferences" for food resources could occur even when the animal pre-
fers variation in net energetic intake, if the animal is strongly averse to varia-
tion in the probability of avoiding predation.

2. Nonzero covariances. First assume that habitats are statistically inde-
pendent (Cov [xi . Xi2] = Cov [x 1° x¥2] = 0), but x, and x, covary within habitats
(Cov [x,., %, ] % 0)." If the at%ribu es interact on}y addi%ively, 82F(§)/3x )
= 0, an Jthe Bredictions are the same as in the case of complete statistical inde-
pendence. However, Cov [xl., X,.] can be important, since it is very likely that
82F(§)/3x 9%, # 0. Mixed gtra%ggies will be more likely when BZF(X)/BX1 9%, and
the Cov [%X,., x,.] differ in sign. If this occurs, a mixed strateg§'may max%mize
expected f}Enes%Jeven if the animal prefers variation in both fitness attributes.
Even when the three partial derivatives in (5) are positive (preferences for varia-
tion and complementing attributes), a mixed strategy can be optimal if the Cov
[xlj’ XZj] are negative and relatively large.

Now~” suppose that the between-habitat covariances are also nonzero (Cov [x.

X 1, Cov [xi . Xk2] # 0). Mixed strategies are more likely when the between—-'""
ha%itat covariances have the same sign as the partial derivative by which they are
multiplied in (5). When variance-aversion is coupled with complementing attributes
(probably the commonest case in nature), mixed strategies are more probable if

Cov [Xil’ X 2] < 0 and Cov [x.., 1 > 0. Essentially, when one habitat provides
large X an& small x,, while %%e ﬁ%ﬁer habitat provides small x. and large x_,
mixed s%rategies become more likely, particularly for the variahce-averse animal.

The primary point of the analysis is that the variance-covariance gtructure of
resources and an animal's response to this variation can influence habitat utili-
zation patterns., The interpretation of resource utilization is likely to be
enhanced by considering risk-sensitive behavior., When animals respond to benefit
variances, means may not provide sufficient information to predict habitat selection.

Allowing for statistical dependence between habitats (Real 1980a) is probably
more realistic than assuming that resources are independent (Caraco 1980). Viewing
fitness as a function of more than one biological attribute is necessary if we are
to quantify the popular ecological and evolutionary concept of "trade-off". By
increasing the dimensionality of the fitness function to only two attributes, the
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approximation discussed above suggests that mixed strategies, and the consequent
implications for both individual behavior and population phenomena (e.g. Southwood
1977), can arise as a response to several aspects of environmental stochasticity.
Though the analysis of multiattribute problems may entail a difficult scaling of
the components of fitness (Caraco 1979), some of the simple rules developed for the
univariate case may not hold when habitat selection is viewed as an integrated
response to severagl factors,

The complexity of the problem increases when one considers that animals may
have less than total information (Oaten 1977, Krebs et al. 1978). Habitat selection
also may be complicated by nonstationarity of environments, biological constraints
on animals' abilities to exploit a variety of resources (Murdoch and Oaten 1975),
density dependence (e.g. Rosenzweig 1979) and competitive interactions (e.g. Lawlor
and Maynard Smith 1976). The present analysis 1s intended to merely complement
these studies.
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