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Application of the theory and methods
of quantitative genetics to life history
studies has led to a focus on the mea-
surement of phenotypic and genetic co-
variances between life history traits
(Stearns, 1980, 19824, 1982b; Dingle and
Hegmann, 1982 p. 231-244; Etges, 1982;
Giesel et al., 1982; Hegmann and Dingle,
1982; Lande, 1982; Rose, 1983). These
covariances are the essential parameters
in theoretical models describing the evo-
lution of such traits. Estimation of ge-
netic covariance is based on the resem-
blance between relatives. Genetic
covariances have usually been estimated
in the laboratory where the environment
is controlled and the main cause of mor-
tality is often senescence. Covariances are
less easy to estimate in nature because
environmental correlations are likely to
fluctuate greatly in magnitude and sign
with changing conditions (Lande, 1982)
and because causes of mortality also vary.
Thus direct estimates of genetic covari-
ances between life history traits will vary
(Giesel et al., 1982; Stearns, 19824,
19825).

In this paper we adopt an alternative,
indirect, approach to estimating covari-
ances between life history traits in natural
populations. It depends on the measure-
ment of selection on a morphological
character at two life history stages, and
the assumption that much of the variance
in fitness at each stage is due to variance
in the character or characters upon which
selection acts. Two life history traits, such
as probability of survival over two given
developmental stages, may be said to
covary if they are each determined by the
same morphological character or char-
acters. The size and direction of the co-
variance can be qualitatively estimated
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from the magnitude and directions of se-
lection. Further, if the morphological
character is found to be highly heritable
it can be inferred that the two life history
traits covary genetically.

Boag and Grant (1981) observed in-
tense natural selection favoring large beak
and body size in a population of Darwin’s
Medium Ground finches, Geospiza for-
tis, associated with adult mortality dur-
ing a drought. The main cause of mor-
tality was starvation, and differential
survival with respect to morphology was
at least partly a reflection of differential
handling ability of the foods remaining
in the environment (Boag and Grant,
1981). Since size measures are highly her-
itable, with some highly repeatable mea-
sures such as beak depth having herita-
bilities of over .8 (Boag and Grant, 1978;
Boag, 1983), the probability of adult sur-
vival with respect to size characters is
also expected to be a highly heritable
character, provided that adult mortality
based on size results from the same gen-
eral causes in different generations.

In this paper we consider the possibil-
ity of selection on body size at other stages
of the life cycle. Specifically we ask, was
the directional selection an isolated event
with long term evolutionary conse-
quences, or is it balanced by selection
favoring small body size at other stages
of the life cycle? To answer this question
we examine the possibility of selection
on body size associated with juvenile
mortality. If selection at this life history
stage is found we can follow the reasoning
developed above. In particular we can
argue that probability of juvenile surviv-
al is heritable, and genetically negatively
covaries with probability of adult sur-
vival. In doing so, we assume juvenile

483



484

and adult body size are highly correlated,
and are in essence a single trait, so that
large juveniles produce large adults and
small juveniles produce small adults. Ju-
venile and adult body size are known to
be highly genetically correlated in this
species (Boag, 1983; Price, unpubl.) and
in another Darwin’s finch species, Geo-
spiza conirostris (Grant, 1981a).

METHODS

The 40 hectare island of Daphne Ma-
jor, Galapagos, and its finches are de-
scribed in Grant et al. (1975) and Boag
(1981). An intensive breeding study of
the G. fortis population on the island was
started in June 1975 by P. R. Grant and
P. T. Boag. Between 1976 and 1981
finches were studied for a large propor-
tion of the first 6 months of each year by
P. T. Boag (1976-1978) and T. D. Price
(1979-1981).

Seed Abundance.—In December or
January and May or June of each year,
seeds on plants and in the soil were
counted in 50 randomly chosen 1 m?
square quadrats (Boag, 1981). Boag
(1981) gives dry weights, seed depths (in
mm) and hardness (in Kgf) for all Daphne
seeds. Seed depth (D) and hardness (H)
have been combined into a single index
as their geometric mean (\/DH, Abbott
et al., 1977).

Finch Population Sizes and Assess-
ments of Emigration.—Finches were
trapped in mist nets, measured, given a
numbered metal band and a unique com-
bination of plastic color bands, and re-
leased unharmed. A list of all known col-
or-banded birds alive on the island was
compiled at the same times as seed abun-
dance was measured. Population sizes
were assessed in the years 1975-1978
from the ratio of banded to unbanded
finches observed on a two-morning walk
over the whole of the island (Boag and
Grant, 1981). The proportion of color-
banded birds rose from 20% in 1975, to
70% in 1978, then to 90% in 1979 and
up to 95% in 1981. In the years 1979-
1981 the number of unbanded birds was
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TaBLE 1. Breeding and study periods 1975-1981.
Periods of study are B—studied in the breeding
season, PB—studied in the post breeding season
when juveniles are 2—-4 months old. All populations
were also studied in the following January. NA—
not applicable. * All juveniles died within one month
of fledging in 1980.

Approximate

Rainfall number of Periods of
Year (mm) broods per pair study
1975 ? 2 PB
1976 135 I B, PB
1977 24 0 NA
1978 137 3 B, PB
1979 69 1 B
1980 53 1* NA
1981 73 1 B, PB

accurately known and population sizes
assessed by direct count.

We visited Isla Daphne Minor, 6 km
from I. Daphne Major, in May 1979
(Grant et al., 1980) to assess the impor-
tance of migration between islands. A
thorough search was made for finches that
had been banded on I. Daphne Major;
additionally, approximately half the
finches present there were color-banded.

Finch Breeding. —Reproduction is de-
termined by rainfall (Grant and Boag,
1980). Reproductive success and the pe-
riods of study are summarized in Table
1. Most nests were discovered while still
under construction and marked with flag-
ging tape. Nest contents were checked
regularly to obtain information on laying
date, clutch size and fledging success. All
nestlings were weighed and banded with
a single metal band at 8-10 days old, and
since 1978 they have been uniquely col-
or-banded at this time as well. The pro-
portion of all active nests discovered was
estimated, from the proportion of band-
ed juveniles in post-breeding flocks, to
have been 50% in 1976, 85%in 1978 and
over 95% between 1979 and 1981.

Breeding and Feeding Behavior.—Be-
tween 1979 and 1981 data were collected
on nest attendance, seed handling ability
and feeding rates. Feeding observations
were made on individually marked birds,
timed with a stopwatch.
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TaBLE 2. Repeatability measures for Geospiza fortis. The first three columns compare measures taken
by P. T. Boag only (PTB), T. D. Price (TDP), and one measure by PTB and one by TDP (PTB-TDP).
Sample sizes are the number of individuals for which paired measures are available, which varies slightly
between characters. Mean differences are the average differences between measurements taken by TDP
and PTB separately for (a) adults and (b) birds measured as juveniles by PTB in 1978, and subsequently
as adults by TDP. Each number in parentheses is the difference expressed as a percentage of the total
size. Significance values are from paired ¢ tests. ** P < .01. Heritabilities are from Boag (1983).

Repeatability Mean differences

PTB PTB-TDP TDP Adults 1978 juveniles  Heritability
Weight, g 75 63 68 1.23 (6.8)** .80** .85
Wing, mm 81 71 76 —.89(1.3) —1.04 .89
Beak length, mm 94 93 92 =01 (1) .05 .67
Beak depth, mm 96 93 95 —.06 (.6) .01 .82
Beak width, mm 99 98 98 —.06 (.7)** .03 .90
Sample sizes (range) 120-138 42 62-67

Finch Morphology.— Adult and juve-
nile finches (at least 8 weeks old) were
measured when banded. Five measure-
ments (body weight, wing length, beak
length, beak depth and beak width) were
taken as described in Grant et al. (1975)
and Boag (1983).

Measurement Error.—Measurements
were taken by three observers during the
course of the study reported here: by P.
R.Grantin 1975 and 1982, by P. T. Boag
between 1976 and 1978 and by T. D.
Price between 1979 and 1981. Nearly all
the comparisons involve measurements
taken by either P. T. Boag or T. D. Price.
To interpret the results it is important to
assess the magnitude of differences in
measuring techniques between observ-
ers, and differences among characters in
the degree to which they can be accu-
rately measured. In Table 2 we present
repeatability measures, estimated as the
intra-class correlation coefficient in a one
way analysis of variance using two mea-
surements per bird in each cell. The mea-
surements were taken between 3 days and
5 years apart. Repeatabilities for beak
measures are very high. Mean differences
between observers and their significance
values are also given (Table 2). Prior to
all analyses P. R. Grant’s measures were
corrected to P. T. Boag’s using differences
calculated from a group of birds mea-
sured by both observers. For compari-
sons involving the years 1979-1981

measurements have also been corrected
to T. D. Price’s by adding the differences
given in Table 2, separately for juveniles
hatched in 1978 and for adults.

Of major concern here is the reliability
and meaning of the different measures,
both individually and when compared
with each other. Traditional measures of
body size, such as weight and wing length,
have moderate repeatabilities and her-
itabilities (Table 2). Beak measures have
distinctly higher repeatabilities. Para-
metric correlations between these char-
acters and weight and wing length, when
measured on a logarithmic scale, exceed
.75 (Boag, 1983).

Other Sources of Variation.—To study
the possibility of selection on juveniles
we will rely heavily on comparisons be-
tween juveniles and the adult breeding
population from which they were de-
scended. Several sources of bias which
could affect size differences for non-se-
lective reasons were removed prior to
making these comparisons. Adults in-
clude all breeding females and a random-
ly drawn equivalent number of breeding
males. Inclusion of equal numbers of
adult males and females avoids biases in
size which could arise from the larger size
of males (Boag and Grant, 1981), and the
larger numbers of males measured. In-
clusion of only breeding birds removes
effects of selection on adults prior to
breeding, such as earlier maturation of
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TaBLe 3. Growth estimates. The table shows absolute differences between measurements of a group 2—-
4 months old and recaptured at >8 months old. For the 1978 cohort we also give estimates of growth
from approximately one year to 2-3 years old (in italics). To correct for differences in measurements
between years absolute differences between a group of adults measured at the same times as the juveniles

were added to the first measurement of the juveniles. Significance values are from paired ¢ tests. * P < .05,

*»*p<.0l
Cohorts by years
1978
1975 1976 1978 (older) 1981

Weight, g -.08 —.70** —.49%* Y b .17
Wing length, mm 2.2%* —1.5%* -2 1.76** -3
Beak length, mm .16%* -.10 .06 2% .11
Beak depth, mm .03 .02 .07* -.07 A1*
Beak width, mm .05%* .02 .09** .05** .09**
Sample size 49 13 42 31 17
Average age (days) at

first measurement ? 80 80 350 68
Average age (days) at

second measurement 300 300 425 750 420

small females or sexual selection on males
(Price, 1984). Finally, the few (N < § in
each year) G. fortis that hybridized with
immigrant Small Ground finches, G. fu-
liginosa, (Grant and Price, 1981), and
their offspring, have been excluded from
the comparisons here.

It is also important to minimize a po-
tential bias arising from the measure-
ment of juveniles at a time when growth
is incomplete. Juveniles were usually
measured at the end of the breeding sea-
son in each year when they were between
2 and 4 months old (Table 1). Some ju-
veniles were recaptured at about one year
later. Estimates of their growth are pre-
sented in Table 3. Juvenile samples com-
prise only those birds known to have
hatched on the island and to be over 56
days old, except for the 1975 sample
which possibly includes some immi-
grants or younger birds. Growth between
the two measurement periods for beak
characters was often small. Smith and
Zach (1979) found similar results for beak
growth in a population of song sparrows,
Melospiza melodia. Weight actually de-
creased between the two measurement
periods. Changes in wing length varied
in direction, and were sometimes large.

We also give growth estimates from age
one year to age 2-3 years for the only
cohort (1978) providing sufficient data.
These estimates show that all characters
continued to grow to a small extent be-
yond the age of one year, except for beak
depth. Wing length is known to continue
to grow in several passerine species (e.g.,
Searcy, 1979; Payne, 1982) associated
with molts which usually occur annually.
We will concentrate on the character beak
depth, which did not show further growth.

REsuULTS

In Table 4 we compare breeding adults
with a sample of juveniles known to be
present on the island in January of the
following year. Juveniles are 7-10 months
old at this time. For the comparisons fol-
lowing the 1975 and 1979 breeding sea-
sons we use only measurements of ju-
veniles captured at an age of 7-10 months.
For the other comparisons the sample
includes (for 1976) or comprises (for 1978
and 1981) juveniles measured at age 2—
4 months and growth-corrected accord-
ing to Table 3.

In all 5 years the juveniles were smaller
than the adults. Many of the comparisons
are significant, and combined probability



Combined
prob-
ability
<.001
<.001
<.001

P
.10

.00
.05

1981
Juve-
niles
17.07
66.5
10.74

Adults
17.38
67.7

10.92

4
.06
.00

.08

niles
16.66
64.5
10.52

1979
Juve-

17.39

67.7

10.80
9.62
8.74

Adults

P
.04
.00

.08

1978
Juve-
niles
16.06
67.9
10.73

Adults
16.60
69.0

11.02

P
.00
.00
.00

.00
01

1976
Juve-
niles
13.89
64.8
10.21

Adults
15.94
67.8

10.68

P
.06
.01
.09

Juve-
niles
15.40

67.0
10.57

1975

10.96

16.31
68.6

TaBLE 4. Differences in size between adults and juveniles. Breeding adults are compared with juveniles surviving to the January of the following year.
Adults

Probability values (P) are derived from one-tailed ¢ tests. Also given for each character is the probability value obtained from Fisher’s combined

probability test for all five years.

Weight, g
Wing, mm

.001
.01

13 9.78 9.54 .02
.18 8.87 8.72 .05

9.38
8.61

32
47

9.81
8.92

9.88
8.93

8.87
8.34

9.41
.14 8.64

.06

9.29
8.61

9.76
8.84

Beak length, mm
Beak depth, mm

56

122

21

52

57

44

26

182

44

Beak width, mm
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Fic. 1. Sample means for the character beak
depth: breeding adults, with males (M) and females
(A) given separately for the years 1976, 1978 and
1981. The symbol @ = juveniles; lines connecting
two such symbols represent the same cohort of ju-
veniles at different times. Dashed lines connect
breeding adults with the offspring generation of that
year. All juvenile measurements have been cor-
rected for growth using values in Table 3, and stan-
dardized to T. D. Price’s measurements.

values are highly significant for all char-
acters (Table 4). Results for the character
beak depth are illustrated in Figure 1. As
discussed below these size differences be-
tween cohorts probably indicate some se-
lection against large juveniles.

Direct Observations of Selection.—1It
has not been possible to detect selection
on juveniles by measuring them in the
nest (Table 5). This is not unexpected,
particularly when starvation is the cause
of mortality. Relatively heavy weight in
the nest is generally a sign of good health
and in several studies correlates with fu-
ture survival probability (Perrins, 1965,
1980; Howe, 1976). Thus much of the
size variation, particularly among juve-
niles disappearing, may be environmen-
tally determined and not related to size
which would be attained when birds are
fully grown. Additionally, nestling size
differences are confounded by age differ-
ences.

There is evidence of selection against
large 2-month-old juveniles over their
next few months of life. In 1976 and 1981
there was differential survival of the
smaller juveniles (Table 6). A multivari-
ate analysis of variance of morphological
measurements (excluding the character
wing length) shows the differences be-
tween surviving and disappearing juve-
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TABLES.
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Mean weights in grams of nestlings which survived and those which disappeared. Measurements

were taken at age 8—10 days. Survival to age 7 months is shown for 1979; in other years survival is up
to age 2—-4 months (see text). Percent mortality gives the proportion disappearing over the time period.
There are no significant differences between those surviving and those disappearing (¢ tests).

Mean weights of those which

% difference
Died N Survived N in size % mortality
1976 12.68 277 12.86 107 1.42 72
1978 12.87 52 13.14 172 2.06 23
1979 12.59 58 12.70 27 .87 68
1981 13.97 66 13.93 128 -.29 34

niles to be almost significant (£(4,72) =
2.18, P = .08 for 1976 and F(4,82)=2.18,
P = .08 for 1981). In the other year for
which comparisons are possible (1978)
there was no significant selection. This
parallels observations on the size differ-
ences between adults and juveniles (Fig.
1, Table 4).

Causes of Juvenile Disappearance.—
Disappearance of juveniles could result
from either mortality or emigration. It is
important to assess the magnitude of em-
igration but very difficult to do so. The
following evidence suggests that although
some emigration does occur it is of minor
importance in comparison with mortal-
ity.

First, 15 (19%) of the fledged juveniles
thought to have disappeared in July 1981
were recorded on the island in 1982. A
transect over the whole island was con-
ducted on the last day of the July 1981
field season and all observed juveniles
were recorded. By using the Lincoln In-

dex method (Southwood, 1966) we esti-
mate that four juveniles =5 (95% con-
fidence limits) were present on the island
and never observed. Therefore six or
more of the 15 unobserved juveniles had
probably emigrated temporarily. Second,
no banded individuals from Daphne Ma-
jor were recorded on Daphne Minor.
However two of 16 juveniles (13%) band-
ed on 1. Daphne Minor were subsequent-
ly recorded on I. Daphne Major, and one
of these established a territory, but did
not breed, and was found dead in 1982.
The Daphne islands are close together
and probably exchange individuals more
with each other than with other Gala-
pagos islands. The main conclusion is that
emigration is subsidiary to mortality as
a cause of juvenile disappearance.
Causes of Mortality.—In Figure 2 we
present estimates of chick survival from
age 8 days to the end of the breeding
season (i.e., at age 2—4 months), and sub-
sequent survival to the following year (i.e.,

TABLE 6. Selection on juveniles from age 2-4 months over the next 6 months of life. All measurements
were made at age 2-4 months. The table gives measurements of the juveniles at this age (‘before’), and
measurements of the subsection known to be alive 6 months later (‘after’). There are no data available
for other years. Significance values are for one-tailed 7 tests in a comparison of survivors with those that

disappeared. * P < .05.

1976

1978 1981

Before After Before After Before After
Weight, g 15.16 14.75 16.32 16.50 17.80 16.90*
Wing length, mm 66.2 66.3 67.8 68.0 66.8 66.8
Beak length, mm 10.33 10.18 10.77 10.68 10.68 10.65
Beak depth, mm 9.00 8.73* 9.75 9.73 9.44 9.43
Beak width, mm 8.48 8.27* 8.83 8.81 8.69 8.63*
N 77 20 89 57 87 56
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Fi1G. 2. Food abundance and the proportion of
juveniles surviving. The shaded histograms show
food abundance. For each year, the left column is
the abundance of food in June and the right column
the abundance in the following January. Food
abundance is given in mg/50 m?/bird of small soft
seeds (see text). The unshaded columns represent
survival from age 8 days to 2—-4 months (left side),
and survival for the 6 subsequent months (right
side), respectively. ? indicates data not available,
and 0 indicates no survival. In 1979, data are avail-
able only for the period age 8 days to 8 months,
and mortality has been assumed to occur equally
in the two separate periods.

at age 8~12 months), and relate these to
the food supply. Food supply is given in
mg/50 m?/bird of small soft seeds (geo-
metric mean of depth and hardness,
VDH, < 3.0) because juveniles are un-
able to handle larger, harder seeds (see
below), and because other easily handled
foods (caterpillars and pollen) disappear
soon after finches have finished breeding.
After June there is very little new seed
production and juveniles are dependent
on a standing crop of seeds until October
when the Opuntia cactus starts to flower.
All finches on the island, including ju-
veniles and adults of all Geospiza species,
are included in the quotient. This over-
estimates relative food availability in
1975 and 1976 when a much higher pro-
portion of adults fed on small seeds than
in subsequent years (Boag and Grant,
1981).

An association of food abundance and
nestling survival is apparent. In years of
low food abundance, e.g., 1980, fledged
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FiG.3. The proportion of adults (unshaded) and
juveniles (shaded) feeding on easily handled foods
(see text) in 1981. Based on 100-300 point obser-
vations in each month.

chicks well below typical fledging weights
could be captured by hand. In other years
this was not possible. The observations
suggest fledglings die from starvation.
Several studies on the Galapagos have
identified other possible sources of mor-
tality and concluded that food supply is
of major importance in limiting finch
numbers (Grant et al., 1975; Smith et al.,
1978; Grant and Grant, 19804, 19805p;
Boag, 1981; Boag and Grant, 1981:
Schluter, 1982).

If food shortage is the major cause of
mortality chicks that grow to a small size
will have a relative energetic advantage
over those growing to larger sizes, pro-
vided that all chicks receive similar
quantities of food. Parents do not appear
to feed chicks preferentially. In more than
200 hours of nest watches the only feed-
ing discrimination by parents we ob-
served was against unhealthy nestlings
that were pushed aside by their sibs and
failed to fledge.

Small juveniles retain a potential en-
ergetic advantage over large juveniles as
a result of lower daily energy require-
ments. There appears to be no balancing
advantages to large size associated with
feeding. Sims (1955) showed that juve-
nile Hawfinches, Coccothraustes coc-
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plotted against beak depth for Geospiza fortis ju-
veniles approximately 65 days old (1981 data). %
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cothraustes, are unable to crack hard seeds
for their first few months of life, because
their skulls are not fully ossified and their
beaks are too soft and not structurally
fully developed. Probably for similar me-
chanical reasons, juvenile G. fortis do not
crack hard seeds such as Opuntia
(VDH = 3.25) or Tribulus (\/DH =
8.68). They were often seen pecking at
Opuntia seeds and eating the aril, which
adults rarely do. Thus as food abundance
declined and adults began to feed on these
hard and large seeds juveniles remained
feeding on the small soft seeds (Fig. 3).
Large adults have a selective advantage
over small adults in terms of seed crack-
ing ability (Grant et al., 1976; Boag and
Grant, 1981; Grant, 1981b; Grant and
Grant, 1982), but there is no suggestion
of an advantage to large individuals when
feeding on small seeds. Indeed, among
Juveniles in 1981 (Fig. 4) there is a neg-
ative correlation between beak depth and
harvestingrate (r = —.23, N = 22,ns) i.e.,
the correlation is in the direction of giv-
ing small birds a feeding advantage.
The advantage of small size among ju-
veniles is shown by a comparison be-
tween species. Geospiza scandens, the
Cactus finch, breeds on I. Daphne Major,
and juveniles feed on the same small seeds
as Geospiza fortis. This species is 30%
heavier in body weight, and juveniles suf-
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fer significantly heavier mortality (Boag,
1981).

DiscussiON

One clear prediction of the hypothesis
that large juveniles are at a selective dis-
advantage is that the sex ratio should be-
come skewed in favor of females, because
females are on the average 4-5% smaller
than males (Boag and Grant, 1981). Un-
fortunately, the sex of all birds can only
be determined (without laparotomy) by
plumage traits when they are at least 18
months old. During the present study only
the 1978 and 1979 cohorts reached this
age. These cohorts were apparently sub-
ject to the least selection (Table 3) while
juveniles, but had been subject to selec-
tion for large size later (Price, unpubl.).
Thus by 1981 there were 75 males and
41 females in the 1978 cohort but only
8 males and 12 females in the 1979 co-
hort. The data are equivocal.

The skewed sex ratio prediction would
be tested better in species which are more
strongly sexually dimorphic. In fact sev-
eral such studies have been made, and
the results suggest that selection acting
on body size in young birds may be quite
general. Thus skewed sex ratios found by
Holcomb and Tweist (1970), Howe
(1976, 1977) and Moss (1980) may be
interpreted as differential mortality of the
larger sex; differential mortality was di-
rectly observed by Howe. When food is
more plentiful the smaller sex has been
observed to mature more rapidly in two
studies (Newton, 1978; Fiala, 1981).
Rapid maturation may be important in
sib-sib competition (Werschkul and
Jackson, 1979) as well as in the rapid
development of such skills as feeding and
begging from parents once fledged. Sex
ratio studies have often been interpreted
in terms of optimization of the sex ratio
arguments (e.g., Williams, 1979; Burley,
1982). These arguments assume an ab-
sence of selection on body size, yet es-
pecially in these strongly dimorphic
species both natural and sexual selection
are likely to be operating.

The major alternative to a selection
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hypothesis in accounting for adult-juve-
nile size differences is that growth ap-
proaches different asymptotes in differ-
ent years, or takes much longer than 7—
10 months to complete in some years.
Neither possibility can be directly tested,
although estimated growth increments in
such years as 1976 (Table 3) hardly ap-
pear sufficient to account for the sub-
stantial differences between juveniles and
adults, such as were observed in that year.

Although males are not known to have
bred until their second year, females may
breed when less than one year old (this
has been observed in 1976 and 1979).
Thus any lasting differences in growth be-
tween cohorts should contribute to en-
vironmental variance when these cohorts
form the breeding population. Despite
that, less than 20% of the phenotypic
variance is attributable to environmental
effects for some characters (Table 2). The
high heritability estimates do appear to
be due to the presence of additive genetic
variance, and are probably not signifi-
cantly inflated by maternal effects or gene-
environment correlations (Boag and
Grant, 1978; Grant and Price, 1981;
Boag, 1983).

Selection against large juveniles is ex-
tremely difficult to demonstrate. It is not
possible to unambiguously reject the al-
ternative growth hypothesis. Neverthe-
less the evidence is consistent with the
hypothesis that some or all of the selec-
tion favoring large body size in adults is
countered by selection favoring small
body size in juveniles. Assuming this we
proceed to discuss the implications of
such selection on juveniles for the evo-
lution of morphological and life history
traits.

Morphological Evolution.—Juvenile
size when almost full grown (i.e., at 60
days old) is positively correlated with size
at age 8 days (for beak depth in 1981 r =
.61, N= 85, P < .001). In addition high
genetic correlations between nestling and
adult size have been found in two species
of Darwin’s finch, including G. fortis
(Boag, 1983; Grant, 19814; Price, un-
publ.).
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However, provided that the genetic
correlation between adult and juvenile
body size is not perfect it might be thought
that the opposing selection pressures
should have led to evolutionary re-
sponses in both directions, resulting in a
delay in juvenile growth, and the future
absence of such selection. This has not
occurred, probably because a delay in
growth implies a delay in tissue matu-
ration (Ricklefs, 1979). Maturation of the
beak, in particular, results in improved
feeding ability, notably for the larger in-
dividuals which can only then handle the
large seeds. Thus any delay in growth is
not expected.

Short term evolutionary consequences
depend on the timing of breeding with
respect to selection events. Most ob-
served reproduction has been by finches
at least two years old (i.e., adults). How-
ever, some females have bred when less
than one year old. These females were
smaller than similar-aged females that did
not breed (Price, 1984), suggesting that
the survival advantage over the first year
oflife may be amplified by a reproductive
advantage. If this reproductive advan-
tage is found to occur in both sexes in
some years it could be another general
selection force opposing the selection for
large size in both sexes associated with
adult mortality (Boag and Grant, 1981).

Given the opposing selection pressures
on body size, morphological evolution
can proceed either by an intensification
of selection at one stage of the life history
or relaxation at another stage. Relaxation
of selection implies population growth
with little mortality, whereas intensifi-
cation implies heavy mortality. The two
processes may be coupled: for example
very heavy mortality and intense selec-
tion in 1977 (Boag and Grant, 1981) re-
sulted in low finch abundance in 1978,
and as a probable consequence there was
relaxed selection on the juveniles in that
year (Table 4, Fig. 1).

Life History Evolution.— Because body
size is highly heritable and correlated be-
tween adults and juveniles, and also a
major determinant of adult survival, the
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selection against large juveniles implies
a negative genetic covariance between ju-
venile and adult survival. Mortality
schedules of both adults and juveniles in
this population can be understood in
terms of this assumed negative covari-
ance. The fluctuating directional selec-
tion on body size at different stages of the
life history is likely to give rise to overall
stabilizing selection, which may be quite
weak. Under these circumstances a high
additive genetic variance for body size,
and hence for these survival traits, can
be maintained under weak stabilizing se-
lection through mutation and immigra-
tion input (Lande, 1976; Grantand Price,
1981). Thus overall fitness may have low
heritability, even though the components
of fitness have high heritabilities. This
sort of relationship between life history
traits has been termed ‘antagonistic
pleiotropy’ (e.g., Rose, 1983).

The relationship between these two life
history traits and other life history traits,
such as fecundity and age at maturity, can
be investigated by looking for the pres-
ence or absence of selection on body size
at other life history stages. To illustrate
this approach we consider a third life his-
tory trait—reproductive effort. Two in-
dices of reproductive effort, clutch size
and number of chicks fledged, were found
to be only weakly correlated with mor-
phology (Price, 1984). This has two im-
plications. First, there is little genetic co-
variance between these traits and
probability of adult mortality when mor-
phology largely determines this proba-
bility. Second, mean reproductive effort
in this population is either determined
by unidentified trade-offs with other life
history traits, or is under direct stabiliz-
ing selection. Stabilizing selection has
been identified and discussed as the de-
terminant of mean reproductive effort for
many bird species (e.g., van Noordwijk
et al., 1980), although often in somewhat
different language (Lack, 1966). It can be
thought of as the product of two opposing
directional selection pressures: to have
more offspring, and to have well-fed off-
spring (Lack, 1966; Falconer, 1981 Ch.
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20). In general the possibility of trade-
offs between reproductive effort and adult
mortality has been subject to a great deal
of investigation, with the cost of greater
reproductive effort assumed to be an ac-
celeration of senescence (e.g., Rose and
Charlesworth, 1981). In the present study
morphology, and not senescence, ap-
peared to be the major determinant of
differential survival of individuals (Boag
and Grant, 1981).

Conclusions.—The average genetic co-
variance between life history traits in-
dicates its probable importance in af-
fecting the evolution of these traits.
Studies such as this also demonstrate how
widely varying environmental condi-
tions (Fig. 2) lead to quite different se-
lection pressures which affect the way in
which the traits covary, and can indicate
how covariances are likely to be affected
when causes of mortality vary. Without
such observations it may be difficult to
interpret laboratory results (Stearns,
1982a, 1982b) or measurements of phe-
notypic correlations between life history
traits obtained in natural populations
(Smith, 1981).

Our use of observed selection to infer
genetic covariances between life history
traits depended on two previous obser-
vations: (1) measures of body size are
highly heritable and (2) much of the vari-
ance in adult mortality is body size de-
pendent. Given that adult and juvenile
body sizes are highly correlated and es-
sentially the same character, body size
could be used as a ‘genetic marker’ in
looking for covariances between adult
mortality and other life history traits.
However, in this study the approach suf-
fered from the fact that we were not able
to conclusively demonstrate selection
against large juveniles.

Whether the approach can be used gen-
erally in nature is problematical. Often
mortality may be due to a variety of caus-
es acting on several heritable traits, some
of which may be very difficult to mea-
sure. Nevertheless body size is common-
ly found to be associated with life history
traits both interspecifically (Blueweiss et
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al., 1978) and intraspecifically (e.g., Heg-
mann and Dingle, 1982). Highly heritable
measures of body size may be found in
other species if body size measures with
high repeatability are used. Estimates of
components of variance in body size,
combined with correlations between body
size and life history traits in nature, should
provide one useful avenue towards un-
derstanding life history evolution.

SUMMARY

We consider the possibility of selection
favoring small body size in a population
of Darwin’s Medium Ground finches
(Geospiza fortis). Juveniles, when close
to fully grown, are often substantially
smaller on average than the adult breed-
ing population from which they are de-
scended. Some weak selection favoring
small body size has been observed from
age 2—-4 months to age 7-10 months. It
is difficult to completely eliminate the
possibility of delayed growth effects;
nevertheless it is likely that there is some
selection against large juveniles. This op-
poses selection against small adults which
is known to occur regularly. A plausible
selection pressure is a metabolic disad-
vantage to large juveniles. The strength
of the observed selection varies in asso-
ciation with varying environmental con-
ditions.

Patterns of adult and juvenile mortal-
ity in this population can be understood
as resulting from a negative covariance
between these two traits, mediated by
body size. Since body size is highly her-
itable this covariance is largely genetic.
Observations of selection on highly her-
itable traits provide a useful, previously
unexplored, approach to the investiga-
tion of life history evolution.
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