Social foraging: individual learning
and cultural transmission

of 1nnovations

We present two stochastic models of individual and social learning that count the number of individuals
exhibiting a learned, resource-producing trait in a group of social foragers. The novelty of our modeling
results from incorporating the empirically based assumption thatrates ofboth individual and social learning
should depend on the frequency of the learned trait within the group. When resources occur as clumps
shared by group members, a naive individual’s acquisition of the skill required for clump discovery/
production should involve opposing processes of frequency dependence. The opportunity to learn via
cultural transmission should increase with the trait’s frequency, but the opportunity for learning individ-

ually should decrease as the trait’s frequency increases. The results of the model suggest that the evolution
of the capacity for cultural transmission may be promoted in environments where scrounging at resource

clumps inhibits rates of individual learning. Keywords: cultural transmission, social foraging, social learning.

[Behav Ecol 5:35-43 (1994)]

learning (e.g., Croy and Hughes, 1990; Sul-
livan, 1988). We may dichotomize learning as either

ﬁ nimals often acquire foraging skills through

“individual" or “social,” although the two pro-
cesses often interactin social groups (Galef, 1988).
For our purposes, individual learning involves only
a direct transaction between a consumer and its
resource. The process of individual learning is the
same for a solitary and a group member; social
influences do not directly affect the individual’s
interaction with the resource and subsequent ac-
quisition of a novel behavior. However, the prob-
ability that a group member encounters the op-
portunity to learn individually may depend on
behavioral attributes of other group members (Gi-
raldcau, 1984).

Social learning, for our purposes, envisions di-
rect effects of individuals performing a resource-
producing behavioron an observer’s acquisition of
thatbehavior. In general, social learning may imply
that group members acquire innovative behavior
faster than solitaries for two reasons. First, knowl-
edgeable individuals may channel an observer’s at-
tention toward stimuli or conditions promoting ac-
quisition of the innovation. Examples include social
facilitation (contagion of motivational states) and
local enhancement (directing attention to partic-
ular locations or objects; Thorpe, 1956: 120-124).
Second, an observer may acquire an innovation by
imitating knowledgeable “tutors.” Experimental
evidence of imitation of novel food-finding skills
has been provided for pigeons (e.g., Palameta and
Lefebvre, 1985) and for rats (e.g., Heyes and Daw-
son, 1990). The probability that an individual group
memberlearns an innovation through either ofthese
social effects should depend on the frequency of
the behavior among other group members (e.g.,
Bartholomew, 1983; Boyd and Richerson, 1985,
1988).

Social learning, in its various forms, drives cul-
tural evolution both within and between genera-
tions (Fagan, 1981; Lefebvre, 1986; Lefebvre and
Palameta, 1988; Pulliam and Dunford, 1980). Our
models examine within-generation, frequency-de-
pendent effects on both individual learning and
cultural transmission of a resource-producing skill
in groups of social foragers. It is often the case in
such groups that some individuals (scroungers) ob-
tain food discovered/captured by other group
members (producers). Our theory demonstrates
how the producer-scrounger phenomenon (e.g.,
Barnard and Sibly, 1981; Caraco and Giraldcau,
1991; Parker, 1984; Vickery et al,, 1991) can in-
teract with learning processes to govern behavioral
diversity within a social group.

Recent experimental studies of learning have
shown that social foraging can interfere with in-
dividual learning (Beauchamp and Kacelnik, 1991;
Fragaszy and Visalberghi, 1989; Giraldeau and Le-
febvre, 1986), Scrounging interferes with individ-
ual learning because scroungers (who would oth-
erwise be exploring the environment and learning
to produce resources) spend so much time eating
at food clumps discovered by other group members
(Giraldcau, 1984). Furthermore, scrounging may
occasionally interfere with social learning (Fragaszy
and Visalberghi, 1990; Giraldcau and Lefebvre,
1987; Giraldeau and Templeton, 1991). This in-
terference may have ecological relevance because
empirical evidence suggests that the rate at which
individuals acquire or improve the efficiencyof for-
aging skills can have important fitness conse-
quences (Croy and Hughes, 1990; Sullivan, 1988).

A few previous models examine the simultaneous
effects of both individual learning and within-gen-
eration cultural transmission on the frequency of
individuals exhibiting a particular trait (Bartholo-
mew, 1983; Boyd and Richerson, 1985). However,
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the complications ofscrounging havenotbeen pre-
viously considered iri modeling the dynamics oi a
learned resource-producing trait. Our first model
assumes that scrounging inhibits any social learn-
ing, as suggested by Giraldcau and Lefebvre (1987).
Consequently, the model investigates how factors
such as scrounging, foraging group size, and skill
complexity might affect the equilibrium frequency
of an innovation acquired only through individual
learning. A second model relaxes the effect of
scrounging on social learning (see Giraldeau and
Templeton, 1991) and assumes that both individual
and social learning may occur. The results lead to
new predictions concerning the reductions in in-
dividual learning caused by scrounging. The mod-
els suggest that the ecological significance o f social
learning may lie partially in its capacity to circum-
vent the inhibitory effects that scrounging has on
foraging skill acquisition through individual learn-
ing.

MODELS

Our theory concerns the learned capacity to pro-
duce resource clumps that are shared by members
of a closed social group. We assume that both in-
dividual and social learning of a trait enhancing
resource production depend on that trait’s fre-
quency within the group. Frequency dependence
of social learning makes intuitive sense; an in-
creased number of “demonstrators” exhibiting an
economically advantageous traitimplies an increase
in the opportunities for others to learn socially
(e.g., Bartholomew, 1983; Cavalli-Sforza and Feld-
man, 1981; Pulliam and Dunford, 1980). There-
fore, the probability thata given individual acquires
the trait socially may increase with the trait's fre-
quency. Frequency dependence for individual
learning may be less obvious, butno less important.
We assume that as the frequency of the resource-
producing trait increases, a naive individual has
fewer opportunities to learn the trait as a result of
its own experience discovering resources. That is,
increasing the likelihood a naive individual will share
(scrounge) aresource clump discovered by another
forager decreases the chance the first individual
will acquire the trait through individual learning
(Giraldeau, 1984).

Each of our models considers two levels of re-
source production. Individuals discover resource
dumps at cither a baseline rate or a faster rate; the
faster rate of clump discovery is the trait acquired
through learning. The models adm it the possibility
of forgetting and relearning the trait and examine
the equilibrium frequency distribution of the trait
within a foraging group. We use numerical analysis
to determine the effects that group size, task com-
plexity, and consequence of learning on resource
production rate have on the equilibrium numbers
of individuals that have and have not acquired the
skill.

Individual learning only:
long-term equilibrium

A foraging group composed of G members searches
for food resources in a patchy environment. When
one individual discovers (or otherwise produces) a
food clump, each group member consumes
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(scrounges) a portion of the resource. At any given
time we can expect some variation among group
members in the rate of discovering dumps (e.g.,
Caracoetal., 1989). To focus the model, we assume
that each group member can be classified as either
a slow or fast producer. Slow producers discover
clumps at a constant, lower probabilistic rate, s,,
and fast producers discover clumps at a greater,
constant probabilistic rate, s-;, where:

% — ctV]; a > 1. (1)

A slow producer may increase its rate of clump
discovery through individual learning only. Thatis,
a forager’s learning requires that the individual
itself discover resource dum ps; having discovered
a clump, a slow producer may learn from the ex-
perience and become a fast producer. Because s;//
j, = a, a larger value of a implies a greater con-
sequence of learning on producing rate and a larg-
er increase in each group member’s feeding rate
when learning occurs. A large ¢ may occur when,
for instance, the spontaneous rate of performance
ofsome behavioris very low,but when the behavior
is performed it leads to the discoveiy of an abun-
dant food supply.

We also assume that forgetting can occur, al-
though forgetting may be rare compared to learn-
ing. When an individual forgets, by definition, a
fast producer becomes a slow producer, so that its
rate of clump discovery reverts from i2 to 5,. So-
ciological analyses of the intragenerational dynam-
ics of learned traits usually allow forgetting and
and Pathria, 1979;
Sharma et al.,, 1982, 1983). More importantly, em-

relearning (e.g., Karmeshu

pirical results imply that forgetting occurs in both
mammalian (D’Amato, 1973) and avian foragers
(Giraldeau and Lefebvre, 1987; Grantand Roberts,
1973) when opportunities to use a learned trait are
rare or when tasks are complex (Commons, 1981).

As the frequency of group members thatlearned
the trait increases, tire probability that the next
clump is discovered by any given slow producer
declines. Consequently, a slow producer’s oppor-
tunities for learning also decline as the number of
fast producers increases. The negative frequency
dependence of individual learning in our model
affects the equilibrium proportion of individuals
that exhibit the trait as we vary group size, the
relative likelihood of forgetting versus learning, and
the relative resource discovery rates offastand slow
producers.

At time f, a group of G foragers contains X(/)
slow producers and [G - X(t)] fast producers: X(t)
e fO, 1, ...,
clumps independently at respective probabilistic

G}. Individuals discover resource

rates st and s/ At time ¢ the probability that the
next clump is discovered by any of the slow pro-
ducers is d(1):

01) = s X(t)/¢st X(t) + * [G - XU)J}
= X()/{X(t) + «[G-X(i)]}. 2)

For X(t) < G, the likelihood that any of the slow
producers learns to discoverresources at the higher
rate will be proportional to 6().

We assume X(¢) is a stochastic process. The set
(X (i]), X(L¢), , .., X(Zz)} has the same probability
distribution as {X(Z, + 1), X(L¢ + 1),..., X1t + 1)},
so the process is stationary (see Kelly, 1979). We
assume X(¢) has the Markov property; the present
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state contains all useful information for predicting
future states. The only allowable transitions in X(?)
are increases by 1 (for X(¢#) < G) and decreases by
1 (forX(Z) > 0). Therefore, X(0 constitutes a birth-
death process on a finite-state space,

Suppose X(t) increases from r to (r + 1). Then
one of (G — r) fast producers forgets the learned
trait. We assume that any forgetting occurs inde-
pendently among the fast producers. The proba-
bilistic transition rate from r to (r + 1) is g(r, r +

D:
q(r, v + 1)=/i(G - 1);

r=0,1..... G- 1, (3

where /x is the individual rate of forgetting. The
value of fi may be relatively small, but it should
increase as either task complexity or the rarity of
clump discovery increases.

Now suppose X(Z) decreases from r to (r — 1).
Then one of the slow producers learns to discover
resources at the higher rate. The probabilistic tran-
sition rate from r to (r — I) is g(r, r ~ 1). Using
Equation 2:

q(r, vt - 1)= pr/{r+ a (G- r1r)};

r—1,2,...,G “

where # is the learning parameter; greater values
of # should be associated with less complex tasks.
Note that the transition rate per naive individual,
q(r, r — \)/r, increases as r increases. Hence a slow
producer’s probability of learning individually de-
creases as the trait’s frequency ([G - r]/G) increas-
es.

Because X(/) is a stationary birth-death process,
its properties ensure that it willhave aunique equi-
librium probability distribution (Kelly, 1979), We
designate the equilibrium distributionp(X) where:

p(x) = lim Pr[X(t) = X 1X(0) = k], 5)
—4co
The proportion oftime the process spends in state
X converges to p(X) as t — oo, independently of
the initial state of the process X(0).
Then the equilibrium probability function, as de-
rived in Appendix A, is:

(®V,(a - 1)/mr(C)/T(C - X)]

m -

"S'mw «- VT - o

forX - 0,1 , G C- aG/(a - 1)andr(A) =
(/i —DT(/Je — 1). Equation 6 defines the equilibrium
distribution of X, the number ofanimals diat have
not yet learned the skill. The ratio (/f) increases
with task complexity and may decrease with envi-
ronmental productivity (i.e., clump density). The
quantity a increases as the consequence oflearning
on an individual’srate ofclump discovery increases.
Of course, no forgetting (i= 0) means that every
forager acquires and retains ihe trait, so that p(0)
= 1 at equilibrium.

We numerically analyzed p(X), the equilibrium
number ofindividuals that have notlearned, across
arange ofvalues for group size (G), task complexity
0i/f3), and consequences of learning on foraging

Table 1

Individual learning only for group size (G) of 5 (7 =
G- X

a
(B/8) 2 5 10
E[X] 0.01 0.4 0.78 121
0.1 2.09 2.7 3.12
1.0 423 433 439
F[X] 0.01 0.36 0.59 0.75
0.1 1.09 0.91 0.72
1.0 0.62 0.47 0.39
VX 0.01 1.49 0.98 0.72
0.1 0.5 0.35 0.27
1.0 0.19 0.16 0.14
cvryj 0.01 0.13 0.18 0.23
0.1 0.36 0.41 0.45
1.0 1.02 1.02 1.02

rate (a). For each parameter combination, we cal-
culated the equilibrium number that have not
learned and then found the mean (E/X]), variance
(VfX]), and coefficient of variation (CK[X]) of the
equilibrium distribution. As the mean of the equi-
librium number that fail to learn increases, the mean
ofthe number that learn decreases. An increase in
the variance of the number of those that have not
learned is mirrored in the variance of the number
that have learned:

VI[G - X] = V[G] + V[X] - 2 COV[G,X]. (7)

But G is a constant, so V/G - X] = F[X].

The coefficient of variation in the number of
those that have not learned is \/V/X}/E[X). The
equivalent quantity for the number that have
learned is:

CVIG - X] = VV[G - X]J/E[G - X]
= VV\X]/(G - E[X]). ®)

An increase in CV/X] may imply an increase or
a decrease in CV/G — X] for each p(X).

Table 1 lists E/X], V[X], CV[X] and CV(G - X)
for G = 5 at nine different combinations of task
complexity (/) and a, the consequences oflearn-
ing on producing rate. Table 2 shows parallel re-

Table 2

Individual learning only for group size (G) of 10 (7 =
G- X

a
B/8) 2 5 10
E[X) 0.01 1.5 2.66 3.74
0.1 5.82 6.71 7.41
1.0 9.15 9.24 9.32
vix) 0,01 1.2 1.63 1.76
0.1 1.92 1.76 1.22
1.0 0.74 0.59 0.42
CV[x) 0.01 0,73 0.48 0.35
0.1 0.24 0.2 0.15
1.0 0.09 0.08 0.07
crry) 0.01 0.13 0.17 021
0.1 0.33 0.4 0.43
1.0 1.01 1.01 0.96

Giraldeau et al, *Individual and social learning
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Figure 1

The proportion of group
members (m) that fail to learn
a food-finding skill as a
function of group size (G),
when behavioral complexity
of the skill is (A) low (B/8 =
0,01), (B) intermediate (/8 =
0.1), and (C) high (8/8 = 1.0).
Dashed line, a - 2; solid line,
a = 5; dotted line, @ = 10.

38

Table 3
Individual learning only for group size (G) of 15 (Y
G- X

(B/B) 2 5 10
w 0.01 3.1 5.11 6.79
0.1 9.94 11.12 11.91
1.0 14.11 14.19 14.27
V(X] 0.01 2.27 2.69 2.67
0.1 2.89 2.09 1.59
1.0 0.8 0.67 0.56
crix\ 0.01 0.49 0.32 0.24
0.1 0.17 0.13 0.11
1.0 0.06 0.06 0.05
Ccr[Y] 0.01 0.18 0.17 0.2
0.1 0.34 0.37 0.41
1.0 1.0 1.01 1.03

suits for G - 10, and Table 3 shows results for G
= 15. Examination of the tables reveals patterns
within and among levels of group size.

For a given group size, the expected equilibrium
number thathavenotlearned increases as task com -
plexity and as the consequence of learning on pro-
ducing rate increase. This result follows directly
from the assumption that the probability a slow
producer discovers a clump (and perhaps learns
the task) decreases as the consequence of learning
on producing rate increases! Neither of these re-
sults is surprising.

0.8
0.8

0.4

0.4 o'

0.6

0.2

0.0
8 10 18

Group Size (G)
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Note that the expected number of individuals
thathavenot acquired the skill in the group exceeds
the number expected if each individual were for-
aging as a solitary individual. When each of G in-
dividuals forages solitarily (hence independently),
the average number of slow producers at equilib-
rium is GB/(f + B) = G(B/B)/(I + [B/B]). Forgiven
S and B, this quantity is less than £[X] in our model
(equivalently, the number of individuals having ac-
quired the skill is smaller in our model) because
the opportunity forindividual learning exhibits fre-
quency dependence in a social group.

When group size is fixed, our model’s variance
in the number ofindividuals that havenot acquired
the skill becomes smaller when the mean number
that have not acquired the skill approaches ex-
tremes of either 0 or G, and the variance is larger
when the mean is intermediate, near G/2. Conse-
quently, the variance of the number that have not
acquired the skill does not vary monotonically with
increases in either skill complexity or consequence
of learning on producing rate, Because the mean
numberthat have notlearned always increases with
either skill complexity or consequences of learning
on producing rate, patterns in the coefficients of
variation of individuals that have and have not
learned depend more on variation in the mean than
on variation in the variance.

Fora given group size, the coefficiento fvariation
in the expected number of individuals that have
not learned declines as either skill complexity or
consequence oflearning on producing rate increas-
es. Because these patterns reflect increases in the
mean number thathave not learned, the coefficient
of variation of the number that have learned in-
creases as either skill complexity or consequence
oflearning on producing rate increases. The coef-
ficient of variation in the number of group mem-
bers failing to exhibit the learned trait should de-
crease as either task complexity or the consequence
oflearning on producing rate increases. The coef-
ficient of variation in the number exhibiting the
trait should vary in the opposite direction.

The above considerations held group size fixed,
while other parameters were varied, An interesting
pattern emerges when we examine coefficients of
variation across group size. As group size increases,
die coefficient of variation of the number that have
not learned clearly decreases with all parameter
combinations. However, the coefficient ofvariation
of the number that have learned remains roughly
constant.

At equilibrium, the average proportion of indi-
viduals in the group that have not yet learned is
simply m = E[X]/G. Figure 1 shows this proportion
plotted as a function of group size. The figure in-
dicates that the average proportion of individuals
failing to perform the learned trait should increase
as task complexity, consequence oflearning on pro-
ducingrate, or group size increases. Consequently,
the expected proportion of the learned task de-
clines in larger groups.

The preceding model restricts learning to an out-
come of individual experience in producing a re-
source. The model’s results include the following
predictions: (1) the proportion of individuals ex-
hibiting a learned trait should decrease as either
task complexity (f3/3) or the consequence of learn-
ing on producing rate (a) increases; (2) the pro-
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portion of individuals exhibiting a learned trait
should decrease as group size increases; and (3) the
coefficientofvariation ofthe number ofindividuals
failing to exhibit the trait should decline with in-
creasing group size, but the coefficient o f variation
of the number exhibiting the trait should be in-
dependent of group size.

If no forgetting occurs, each individual eventu-
ally learns the same resource-producing trait. Our
dichotomous characterization of phenotypes says
little about within-group diversity unless individu-
als sometimes forget the task. Suppose we elimi-
nated forgetting in the above model by letting p =
0, For this case, instead of analyzing the number
ofindividuals that have not learned at equilibrium,
we take the time elapsing until X{t) = 0, i.e., the
time until all group members have learned the trait,
as an index of phenotypic diversity. A longer du-
ration ofthe learning process promotes the chance
of observing within-group variation.

At time L— 0, we set X(t) = C, so that no group
member exhibits the trait for fast resource pro-
duction. The variable T represents the total time
for all group members to learn the trait. (In Ap-
pendix B we derive the approximate mean and vari-

ance of T,) The approximate expected value of T

E\T\ « (G/B) [T - a + a In(G+D)].
()]

The approximate variance of 7 is:

1

v[iT] = (G//32
[T] = ( ) « G+ 1

- 2(a - D[l + aln(G + 1]j.

(10

Both the mean and variance of the total time in-
crease as group size increases and decreases as task
complexity decreases (f increases). The mean al-
ways increases as the consequence of learning on
producing rate increases for G i 2, but the vari-
ance of T declines as the consequence of learning
on producing rate increases. These results are con-
sistent with the predictions concerning the fre-
quency of the learned trait in the model with for-
getting.

Individual and social learning:
long-term equilibrium

The firstmodel showed how an increased frequency
ofthe trait for greater resource production should
impede individual learning in naive individuals.
However, an increased number of fast producers
could provide additional opportunities for social
transmission of the trait through social facilitation,
local and stimulus enhancement, or imitation, even
though scrounging mave have some interfering ef-
fect on social learning (see Giraldeau and Temple-
ton, 1991). The following model opposes the ef-
fects that a trait’s frequency has on individual
learning with the effect it has on its cultural trans-
mission.

As above, X(t) is a stationary, stochastic process
counting the number of group members not ex-

hibiting the learned trait at time ¢ and 5., = a .v,,
as in the preceding model. If X{t) increases from r
to (»+ 1), a fast producer forgets the production
skill. The probabilistic transition rate, g(r, r + 1),
again isp(G - 1) forr= 0,1 G — 1. If X(1)
decreases from r to (r — 1), a slow producer learns
to discover resource clumps at the higher rate. We
assume individual learning proceeds exactly as in
the first model; the probabilistic rate of transition
due to individual learning is g*(r, r — 1) = Sr/\r
+ a(G —r)] forr=1,2,..., G

Wec make a standard assumption about cultural
transmission: probabilistic transition rates will be
proportional to the productofthe numbersofstow
and fast producers. That is, the total rate of social
learning should be proportional to the number of
demonstrators multiplied by the number of indi-
viduals that might learn (e.g., Bartholomew, 1983;
1981; but see Le-
febvre and Giraldeau, in press). So the probabilistic

Cavalli-Sforza and Feldman,

rate of transition due to social learning is ¢{r, r -
1), where:

qi{r, ?+-1)== 0r(G - r); r= 1,2, ..., G, (11)

and fiis the contagion parameter representing the
combined effectiveness of the fast producers’dem -
onstrations and the slow producers’social learning
ability. The total transition rate due to social learn-
ing increases with r, the number of naive individ-
uals, until that number exceeds one-halfthe group
size, after which the total rate declines as the num -
ber of naive individuals continues to increase. The
transition rate ofsocial learning per naive individ-
val, g(r, r - 1)/r, decreases as r increases. Hence
the probability of cultural transmission per naive
individual increases as the frequency of the trait
[(G - r)/G] increases, opposite to the frequency-
dependent effect assumed for individual learning.

Assuming that individual and social learning are
probabilistically independent, the total transition

rate from r to (r - 1) is the sum of ¢g* and ¢!

glr, r —1) =1 + fi(G - 1) (12)

r + a{G - 1)

forr= 1,2, ...
birth-dcath process with an equilibrium distribu-
tion p(X), satisfying Equations A2a and A2b.

In terms of the transition rates, p(X) is:

, G. Equations 3 and 12 define a

PW =PW 11 [m@G- r+ 1)/r]

B

+ O(G - r)
r+ a{G- r)

(I —a) + aG
n r

«Q(G - 12+ fIr(G - r) +j3"

We can simplify the multiplicand as in Appendix A
and use Equation A2b to find the expression for
p(0). For simplicity we define M{X) as:

X

ME)=0 a@i(G- 2+ =)+

Then the equilibrium probability function is:

Giraldeau ct al. » Individual and social learning
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Table 4
Individua! and social learning for group size (G) of 5
and f of 0.6 (f —G —X)

a
Q 2 10
s =02
E[X] 0.3 0.83 0.89
0.9 0.28 0.28
VX] 0.3 0.88 0.97
0.9 0.29 0.29
Ccvix] 0.3 1.13 1.11
0.9 1.92 1.91
cvlY] 0.3 0.22 0.24
0.9 0.11 0.11
p= 12
E[X] 0.3 3.99 4.1
0.9 2.24 2.32
V[X) 0.3 1.44 1.28
0.9 2.74 2.8
CV[X] 0.3 0.3 0.28
0.9 0.74 0.72
cvfY] 0.3 1.19 1.26
0.9 0.6 0.62

[nia - DIX[T(C)/x(C - x)M(X)]

2 D'r(C)/T(C - IM()]

(13)

forX=0,1,.... G, C= aG/(a - 1)

W again analyzed numerically the equilibrium
number of individuals who have not learned. We
fixed the value of task complexity and varied group
size, forgetting rate, consequences of learning on
producing rate, and the contagiousness ofthe skill.

Table 5

Individual and social learning for group size (G) of
10 and 8 0f 0.6 {Y =G —X)

a

n 2 10

0.2
E[X] 0.3 0.74 0.73
0.9 0.25 0.25
VIX] 0.3 0.75 0.69
0.9 0.25 0.25
CViXx] 0.3 1.17 1.15
0.9 2.02 2.01
Ccv[Y] 0,3 0.01 0.01
0.9 0.01 0.01
M- 1.2

E[X) 0.3 6.26 5.35
0.9 1.51 1.58
nx] 0.3 3.43 6.72
0.9 1,57 1.87
crix\ 0.3 0.3 0.48
0.9 0.83 0.87
cvly] 0.3 0.5 0.48
0.9 0.15 0.16

Behavioral Ecology Vol. 5 No. 1

Tables 4 and 5 present results for groups of 5 and
10 individuals, respectively. Because the number
of parameters in Equation 13 is relatively large, we
might assemble a long list of interactive effects.
Instead, we focus on patterns that examine the
generality o f the results obtained from the previous
model.

For a given group size, the expected number of
individuals that have not acquired the skill decreas-
es as the contagion parameter increases. Greater
task complexity, whether interpreted as increased
(n/f3) or a decreased contagion parameter (fi), re-
sults in greater numbers of individuals that have
not learned. But the average number of group
members failing to perform the task is less sensitive
to variation in the consequence oflearning on pro-
ducing rate in comparison to the first model. Gen-
erally, the consequence of learning on producing
rate is less influential when both individual and
social learning occur. When we considered individ-
ual learning only, the frequency of the fast-pro-
ducing trait was lower in a group of size G than
among G independent, solitary foragers. Social
learning can overcome this effect. A sufficiently
large contagion parameter increases the propor-
tion ofindividuals acquiring the skill (equivalently,
decreases 2?[X]) beyond the level expected among
solitaries that must. learn individually and indepen-
dently.

W ith group size held constant, the coefficientof
variation of the number of individuals that have
not learned increases as the contagion parameter
increases; this pattern reflects the inverse relation-
ship between ([X] and 0. The coefficient of vari-
ationofthe numberofindividuals that have learned
correspondingly decreases as the contagion param-
eter increases, unless the proportion of individuals
having acquired the skill is close to unity (see Table
5 where (im=0.2).

Next we consider patterns between group sizes.
In contrast to the firstmodel, increasing group size
sometimes results in a reduced expected number
ofindividuals thatdo notlearn. Social learning may
be more likely to overcome the frequency-depen-
dent restraint on individual learning when groups
are larger (see below).

As group size increases, the coefficient of vari-
ation of the number of individuals that have not
learned generally increases or remains essentially
unchanged. This contrasts to the previous model
where the coefficient of variation in the number
thathave notlearned and group size were inversely
related. The coefficient of variation in the number
that have learned declines with group size; this
quantity was independent of group size in the first
model. The expected proportion of group mem-
bersnotperforming the task (m) decreases as group
size increases. That is, the learned trait will be ex-
hibited by a greater proportion of individuals as
group size increases when both types of learning
occur. This result contrasts to the corresponding
result in the first model.

In summary, with individual learning only, the
frequency of the learned trait decreased with both
task complexity and the consequence of learning
on producing rate and decreased as group size in-
creased. With both individual and social learning,
task complexity had the same effect: the conse-
quence of learning on producing rate failed to af-
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feet the proportion of individuals having acquired
the skill, and the expected proportion ofindividuals
using the skill increased as group size increased.
With individual learning only, the coefficient of
variation of the number not performing the task
declined with group size, and the coefficient of
variation of the number performing the trait was
independent of group size. With both individual
and social learning, the first coefficient ofvariation
was roughly independent of group size, and the
second declined with group size. Frequency de-
pendence oflearning processes within social groups
requires dose attention to the relative strengths of
individual and social learning before any general-
ities concerning their effects on phenotypic diver-
sity can be attempted.

DISCUSSION

Our models develop the consequences ofallowing
the frequency of a learned trait to govern an in-
dividual’s opportunities to acquire the trait through
both individual and social learning. We focus on
the way scrounging influences the spread of for-
aging innovations within groups. If the spatio-tem-
poral distribution of food allows scrounging, in-
dividual learning 1is an increasingly inefficient
mechanism of skill acquisition as group size (G),
skill complexity £/8), or the effect of learning on
performance (a) increases. Social learning can
overcome this inefficiency, especially in larger
groups. A fter describing our model’s relationship
to other analyses ofsocial learning, we discuss our
results in light of the possible consequences for
understanding the evolution of cultural transmis-
sion.

In general, cultural transmission may occur with-
in or between generations. Empirical documenta-
tion of the diffusion of traits significantly affecting
foraging success suggests that the within-genora-
tion models are the more appropriate device (Le-
febvre and Palameta, 1988). Our models consider
only a single group. A logical extension might, ex-
amine a population stratified into separate groups
where individual learning and relatively strong cul-
tural transmission occur within groups, and weaker
cultural transmission occurs between groups (e.g.,
Coleman, 1964). Presumably, the number of re-
source-producing trails that might be learned, the
degree of stratification in the dynamics of social
learning, and frequency dependence of learning
opportunities will interact with the economic con-
sequences of possessing particular traits to influ-
ence the overall trait diversity among individuals.

Stephens (1991) scales temporal variability in the
environment to generation length and suggests
conditions favoring the evolution of learning over
a fixed mapping of genotype on phenotype. Little
attention has been directed to questions of why
animals that possess individual learning mecha-
nisms should also evolve the capacity for social
learning. It does appear that individual and social
learning are not simply manifestations of a single
"domain-general” mechanism ofcognition; they are
probably different special-purpose adaptive mech-
anisms (ToobyandCosmides, 1989). Consequently,
individual and social learning can be treated as dis-
tinct, but perhaps dependent, attributes (Boyd and
Richerson, 1988; Lefebvre and Palameta, 1988).

O fcourse, in many situations the two will interact;
social learning may initiate the acquisition o f a skill
that is later honed through individual experience.

Most ideas concerning the evolution of social
learning simply assume that it is faster or less costly
than individual learning (e.g., Boyd and Richerson,
1985; Galei', 1976). But hypothesizing an overall
superior efficiency for social learning lacks an ap-
preciation of the remarkably varied ecological cir-
cumstances where learned traits may enhance sur-
vival and reproduction. Lefebvre and Palameta
(1988) take an ecological perspective on the evo-
lution of social learning. They suggest that an op-
portunistic, highly diversified diet should promote
reliance on social learning, ascopyingothers allows
the individual to exploit new food types as they
become available (Galef, 1988).

Boyd and Richerson (1988) develop a model of
environmental tracking to assess conditions favor-
ing between-generation social learning. They as-
sume that increased social learning implies a de-
crease in individual learning and that individual
learning isa more costly mechanism.They conclude
that social learning (essentially, mimicry) should ei-
ther be more widespread than is currently believed
or that it is more costly than often assumed (Boyd
and Richerson, 1988).

Social learning probably is more rapid than in-
dividual learning, but it must often impose costs in
terms of time budgeting. Imitators will need to
spend time observing tutors and will need to invest
some time discriminating between relevant and ir-
relevant behavioral sequences oftutors. Time spent
watching tutors could detract from antipredator
vigilance or from searching for resources the in-
dividual does know how to exploit. Therefore, so-
cial learning is not necessarily less costly than in-
dividual learning.

The relative costs of individual and social learn-
ing may be unimportant if the benefitofacquiring
a particular resource-producing skill is large. Our
models assume no differential cost between the two
learning modes. We also assume that the proba-
bility of forgetting is independent of the learning
mechanism, but the mechanism oflearning governs
the likelihood of forgetting. Little empirical infor-
mation is currently available concerning that pos-
sibility.

Our models show that when scrounging is pos-
sible, individual learning becomes increasingly in-
efficient for skill acquisition. Moreover, the inef-
ficiency is greater for those skills that lead to larger
increases in food discovery rates. Even if social
learning is as costly as individual learning, scroung-
ing can promote the evolution ofsocial learning as
a way of avoiding this inefficiency. If follows that
ecological conditions increasing the occurrence of
scrounging, such as larger group size and greater
spatio-temporal clumpingofresources (Caraco and
Giraldeau, 1991; Vickery et ah, 1991), also can
drive the evolution of social learning and hence
culture.

APPENDIX A

Equilibrium distribution:
individual learning only

Wc want to identify p{X), the equilibrium distri-
bution ofthe number of group members failing to

Giraldeau et al. * Individual and social learning
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exhibit the learned trait. Because X(/) is a birth-
dcath process with the Markov property, the equi-
librium distribution must satisfy the “detailed” bal-
ance conditions (Kelly, 1979):

p(r)/p(r- 1= q(r- 1,r)/4q{r r-

Starting with r = 1, one can derive a general for-
mula for the equilibrium distribution from the bal-

1. (AD

ance conditions:

P o

forX = 1,2, ...

< lmwEr~w (A
, G; and

p(0) =i - S /[¥*)e (A2b)

Discussion of birth-death processes as models for
social organization can be found in Boswell et al.
(1979), Caraco (1980), and Cohen (1972).

Using Equations 3 and 4 from the text, we have
q(r- 1,r)= (UG —r + 1), and g(r, r — 1) = Br/
[r + a{G - r)]. Then Equation A2a becomes:

X
P(X)=p(0)U."G-r+ 1)

et + a(G — r)]/r.  (A3)

Simplification yields:

pX) - (£J(/V¥>0) 11 fr + «(G - 1)].

The multiplicand can be written as aratio ofgamma
functions (Caraco, 1979), and substituting the last
expression into Equation A2b gives an expression
for p{0).

APPENDIX B

Mean and variance of the time until
each group member acquires the trait

W ith individual learning and no forgetting, the only
allowable transitions decrease X(/) from r to (r —
1). The associated transition rates g{r, »r — 1) are
given by Equation 4. We let the random variable iT
represent the duration of the process in the state
X(l) = r. Each [r has an exponential probability
density with mean E/Q = [q(r, r — 1)]-1, and vari-
ance V/[tr= [q{r, r — 1)]“2. The variable T repre-
sents the total time for all group members to learn
the trait and ¢ is a sum of random variables:
G
T =2 G- (B)

r-1

The expected value of T is:

BIT]- 2 [j(r,r- 1)-'
r-1

a

=2 fr+ oG -

r-1

r)]/pBr. (B2)

This expression becomes:

E[T] = (G/3)1 - a) + (aG/f) 2 OA)- (B3)
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Approximating the partial sum of the harmonic
series yields:

E[T] « (G/3)[1 - a + a In(G + 1)]. (B4)

The variance of T is V[T]:

c

vir] = 2
r-1

ni 2

G
=2 P+ “(G- DIVGR)*:.  (BS)

1
A fter expanding, we obtain:

VIT] = (1 - a)(2G//32)

G

+ (1 - a)(2aG//3z) 2 (1/r)

+ («GIB)22 OAS8- (B6)

Applying standard approximations for the partial
sum yields:

VIT] « (GI/32)

- 2(a - D[l + aln(G + DI

(B7)
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