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LIFE-HISTORY EVOLUTION IN GUPPIES (POECILIA RETICULATA):
1. PHENOTYPIC AND GENETIC CHANGES IN AN
INTRODUCTION EXPERIMENT

DAvip N. REzNick AND HEATHER BRYGA
Department of Biology, University of California, Riverside, CA 92521

Abstract.—Previous investigations (Reznick and Endler, 1982; Reznick, 19824, 1982b) demon-
strated that genetic differences in guppy life histories were associated with differences in predation.
Guppies from localities with the pike cichlid Crenicichla alta and associated predators matured
earlier, had greater reproductive efforts, and produced more and smaller offspring than did guppies
from localities with only Rivulus harti as a potential predator. Crenicichla preys primarily on large,
sexually mature size-classes of guppies, while Rivulus preys primarily on small, immature size-
classes. These patterns of predation are hypothesized to alter mean age-specific survival. Theoretical
treatments of such differences in survival predict the observed trends in age at maturity and
reproductive effort.

We are using introduction experiments to evaluate the role of predators in selecting for these
life-history patterns. The experiment whose results are presented here was conducted in a tributary
to the El Cedro River (Trinidad), where a waterfall was the upstream limit to the distribution of
all fish except Rivulus. Guppies collected from the Crenicichla locality immediately below the
waterfall (the downstream control) were introduced over the waterfall in 1981. This introduction
released the guppies from Crenicichla predation, exposed them instead to Rivulus predation only,
and also introduced them to a different environment, since the introduction site has greater canopy
cover than the site of origin. Changes in guppy life-history patterns can be attributed to predation
and/or the environment.

Evidence from fish collected and preserved in the field demonstrated that, by mid-1983, guppies
from the introduction site above the waterfall matured at larger sizes and produced fewer, larger
offspring. There were no consistent differences in reproductive allotment (weight of offspring/total
weight). With the exception of reproductive allotment, these patterns are identical to previous
comparisons between Rivulus and Crenicichla localities. A laboratory genetics experiment dem-
onstrated that males from the introduction site matured at a later age and at a larger size than did
males from the control site downstream, as predicted from the “age-specific predation” hypothesis.
No differences between localities were observed for female age and size at maturity or for repro-
ductive effort. The trends for fecundity and offspring size were the reverse of those observed in
the field. Because only the males changed in the predicted fashion, it is not possible either to reject
or to accept the hypothesis of age-specific predation at this time. We discuss the possible causes
for these patterns and the high degree of plasticity in the life history, as evidenced by the differences
in fecundity and offspring size between the field and laboratory results.
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Empirical testing of evolutionary theories
is a challenge because the time required to
evolve generally exceeds the practical limits
of experiments. One solution for testing spe-
cific theories involves artificial selection ex-
periments with laboratory populations. Such
studies evaluate the plausibility of a given
mode of evolution but not its importance
in nature (Endler, 1986). Furthermore, most
natural populations are confronted by a di-
versity of potentially interacting influences;
understanding why organisms are the way
they are requires an understanding of these
interactions. A second solution, but one
which is rarely available, involves finding
the appropriate circumstances in natural
populations where selection can be manip-

ulated and where the target organisms can
respond within a reasonable period of time.

Life-history evolution has attracted much
interest in the past two decades. Progress
has been made in the development of theory
and the demonstation of life-history vari-
ation in natural populations (reviewed by
Stearns [1976, 1977]). Only recently have
investigators experimentally tested the pre-
dictions of life-history theories (Solbrig and
Simpson, 1977; Luckinbill, 1978, 1979,
1984; Taylor and Condra, 1980; Barclay and
Gregory, 1981, 1982; Doyle and Hunte,
1981; Mueller and Ayala, 1981; Rose and
Charlesworth, 1981; Luckinbill et al., 1984;
Rose, 1984). These experiments have most-
ly tested the predictions of two theories:
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1) r- and K-selection or 2) selection due to
age-specific mortality. Testing r- and K-se-
lection has generally involved manipulating
population density, while testing age-spe-
cific mortality has generally involved re-
ducing adult lifespan. The results are mixed
and, if taken at face value, do not strongly
support the predictions of either theory.
However, some of these studies have con-
founded the two modes of selection (Rez-
nick, 1985). For example, in some cases
density was manipulated by selectively re-
moving adults, so density and age-specific
survival were changed simultaneously.
Studies that manipulate only survival (e.g.,
Rose and Charlesworth, 1981) support pre-
dictions based on theories of age-specific
mortality. Furthermore, Stearns (1977),
Kozlowski (1980), and Boyce (1984) have
argued that many of the predictions attrib-
uted to r- and K-selection are not justified
by the theory, so it cannot be said whether
the results of a given experiment do or do
not support the theory. The positive aspect
of these experiments is that they demon-
strate that most organisms have the nec-
essary genetic variation to respond to de-
mographic manipulations.

We have the similar goal of evaluating
models of life-history evolution, but our
project differs from previous studies be-
cause it considers a form of natural selection
(predation) in a field experiment. A conse-
quence of our design is that we are not test-
ing a specific theory of life-history evolu-
tion, since predation can alter life histories
in several ways. A virtue of the design is
that it will ultimately allow us to evaluate
the importance of different modes of evo-
lution, plus their interactions, in natural
populations. We feel that the theories of
r- and K-selection and of age-specific mor-
tality are not exclusive alternatives; differ-
ent modes of selection may act simulta-
neously.

Natural populations of guppies (Poecilia
reticulata) from the Northern Range of
Trinidad have life-history differences as-
sociated with differences in predation (Rez-
nick and Endler, 1982; Reznick, 1982a,
1982b). In one series of localities guppies
co-occur with the pike cichlid Crenicichla
alta plus other predators, while in a second
series of localities the killifish Rivulus harti
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is the only important predator. Crenicichla
and some of the associated species of pred-
ators prey predominantly on large, sexually
mature size-classes of guppies (Seghers,
1973, 1974; Liley and Seghers, 1975). Ri-
vulus preys predominantly on small, im-
mature size-classes of guppies (Seghers,
1973; Liley and Seghers, 1975). The size
specificity of these predators suggests that
they could select for life-history changes in
guppies by altering age-specific survival: by
preying on large guppies, Crenicichla should
reduce adult survival; by preying on small
guppies, Rivulus should reduce juvenile sur-
vival.

Theoretical treatments of age-specific
mortality predict that reduced adult surviv-
al will select for individuals that mature ear-
lier and have greater reproductive efforts
(Gadgil and Bossert, 1970; Law, 1979;
Michod, 1979; Charlesworth, 1980). The
opposite response is predicted for reduced
juvenile survivorship. The genetic differ-
ences in guppy life histories between these
two types of localities (Reznick, 1982a,
1982b, unpubl.) correspond to theoretical
predictions. Guppies that co-occur with
Crenicichla alta and other predators mature
at an earlier age and have higher reproduc-
tive efforts than guppies that co-occur with
just Rivulus harti. Furthermore, guppies
from Crenicichla localities tend to produce
more and smaller offspring than do their
counterparts from Rivulus localities.

Factors other than predators may also
have selected for these patterns. Differences
in predation are associated with differences
in habitat and guppy density. Rivulus lo-
calities are generally smaller streams with
more canopy cover and higher densities of
guppies (Seghers, 1973; Liley and Seghers,
1975; Endler, 1978; Reznick and Endler,
1982). The heavy canopy cover reduces light
level and probably primary productivity;
such a reduction in productivity has been
demonstrated for temperate-zone streams
(Hawkins et al., 1983). Since guppies feed
in part on algae and bacteria scraped from
environmental surfaces (Dussault and Kra-
mer, 1981), such a reduction in productivity
would directly affect food supply. Reduced
primary productivity and higher population
densities may mean less food for guppies.
The resulting density effects could be an in-
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dependent source of selection (MacArthur
and Wilson, 1967; Boyce, 1984). One gen-
eral response to such selection is reduced
allocation of resources to reproduction (re-
viewed by Boyce [1984]); differences in gup-
py life histories are also consistent with this
prediction. Finally, there may be an inter-
action between predation and the environ-
ment. For example, the increased density of
guppies in Rivulus localities may be caused
in part by the accumulation of individuals
who have outgrown their predators; density
effects may thus be mediated in part by
predators.

Disentangling these different forms of
causality requires field experiments. We re-
port here the results of such an experiment.
Briefly, we found a locality where a waterfall
was the upstream border to the distribution
of all fish except Rivulus harti; below the
waterfall we found guppies, Crenicichla, and
a variety of other species. Rivulus harti was
also present below the waterfall, but at far
lower densities. Guppies from below the
barrier waterfall were introduced over the
waterfall. Introducing guppies above the
barrier waterfall released them from pre-
dation by Crenicichla and associated pred-
ators. The expected change in age-specific
survival should result in selection for gup-
pies that are older at maturity and have low-
er reproductive efforts relative to guppies
from below the barrier waterfall (Gadgil and
Bossert, 1970; Law, 1979; Michod, 1979;
Charlesworth, 1980). We recognize that
other sources of selection may be associated
with this introduction and discuss these be-
low. In addition, our previous comparisons
of guppies from Rivulus versus Crenicichla
localities (Reznick and Endler, 1982; Rez-
nick, 19824, 1982b) predict that guppies
from the introduction site should produce
fewer and larger offspring than do those from
the downstream control.

We first assessed the response to the in-
troduction by characterizing the life-history
phenotypes of wild-caught guppies from the
introduction site and the downstream con-
trol site. Our conclusions about evolution-
ary changes in the life history are based on
a laboratory genetics experiment conducted
at the University of California, Riverside.
We studied the second laboratory-reared
generation, in order to control for any en-
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vironmental influences on the life history.
We included high and low levels of food
availability because we suspect that there
are natural differences in resource avail-
ability among localities (Reznick and En-
dler, 1982). If resource availability has been
important in selecting for life-history
changes, then the expression of genetic dif-
ferences in life histories may depend on the
level of resources in the laboratory study.

MATERIALS AND METHODS

The general biology of guppies is sum-
marized elsewhere (Haskins et al., 1961;
Seghers, 1973; Liley and Seghers, 1975; En-
dler, 1978; Reznick and Endler, 1982; En-
dler, 1983) so we only give a few details
about the guppy life cycle. Males and fe-
males usually mature when they are 15-20
mm, standard length. There is a pronounced
sexual dimorphism in size and color. Male
growth is determinate, with little growth af-
ter maturation, while females grow contin-
uously and, hence, attain larger sizes. Males
have bright, highly polymorphic color pat-
terns; females have uniform, inconspicuous
coloration. The generation time, estimated
as the interval between when a female is
born and when she gives birth to her first
litter, varies from 10 to 20 weeks in the
laboratory (25°C), depending on food avail-
ability. Guppies are viviparous and produce
litters at approximately 25-day intervals in
the laboratory.

Introduction Experiment. —Our design
exploits the natural distribution of guppies
and their predators and is similar to earlier
introduction experiments (Endler, 1980,
1983; Reznick and Endler, 1982). Some
Northern Range streams have waterfalls,
which serve as an upstream barrier to the
distribution of guppies and/or their preda-
tors (first described by Haskins et al. [1961]).
The current experiment is on a tributary of
the El Cedro River. The barrier is a series
of cataracts, capped at the upstream end by
a five-meter free fall through a narrow spout.
Our conclusion that only Rivulus occurs
above the barrier came from three extensive
surveys, two extending approximately 1 km
upstream, over a six-week period in Feb-
ruary and March 1981. Most species of fish
in these streams, especially guppies, can be
spotted within a few minutes of observa-
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tion, so failure to see them in our surveys
can be taken as evidence of their absence.
Guppies are particularly conspicuous be-
cause they are diurnal, swim in the open,
and make no attempt to hide when dis-
turbed. The absence of other species was
confirmed with eight subsequent surveys of
the locality.

The portion of the river below the barrier
waterfall was included in an earlier survey
of guppy life histories (Reznick and Endler,
1982) as the El Cedro 1 locality (=the down-
stream control site in the present study).
The profile of the stream is atypical of our
Crenicichla localities because it is smaller
and of lower order, has a lower flow rate,
and has a higher population density of gup-
pies (see Reznick and Endler, 1982 table 1).
It is similar to most Rivulus localities in
these regards. The life history patterns of
the guppies from this sample were similar
to our other Crenicichla localities, except
that mean offspring size was relatively large
(Reznick and Endler, 1982 table 2). The El
Cedro Rivulus locality reported in the ear-
lier paper (El Cedro 3) represents a different
tributary from the one chosen for this ex-
periment.

The complete experiment involves two
introductions; we here report on the first
introduction. In this first phase, guppies
from the Crenicichla locality below the bar-
rier (the downstream control) were intro-
duced over the waterfalls. This introduction
changed the predator from Crenicichla to
Rivulus, but also changed the habitat, since
the introduction site has a heavier canopy
cover than the downstream control site.
Other aspects of the introduction site, such
as carbonate hardness, pH, and water tem-
perature are very similar to those of the
downstream control site (Table 1), and the
approximate stream dimensions were, like-
wise, very similar. The introduction site is
also similar to the downstream control site
in having large, deep pools, which Creni-
cichla seem to prefer as home ranges and
breeding sites. If the guppies adapt to the
new environment, then the next phase of
the experiment will be to introduce Creni-
cichla above the barrier waterfall.

The guppy introduction was made on 16
March 1981. Approximately 100 fish, in-
cluding many large, gravid females, were
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TABLE 1. Water conditions at the introduction and
downstream control sites. Values are means of readings
taken in June 1983, Feburary 1984, and April 1985.
Temperature range is also shown (in parentheses).

Site

Downstream

Vanable control Introduction
Temperature (°C) 24.4 (23-26) 24.0(23-26)
pH 7.6 7.5
Carbonate hard-

ness (ppm) 98.5 89.6

collected from the Crenicichla locality be-
low the: barrier waterfall and introduced
above the fall. The genetic diversity of the
introduced population was probably greater
than indicated by the number of introduced
individuals, because females store sperm and
are generally multiply inseminated, as in
natural populations of other species of Poe-
ciliids (Borowsky and Kallman, 1976; Bo-
rowsky and Khouri, 1976). We introduced
approximately equal numbers of fish to four
pools over approximately 0.5 km of the
stream. We visited the introduction site in
August 1981 and July 1982. On both oc-
casions, we found a large population, which
had extended its range downstream to the
barrier waterfall and upstream to a second
series of cataracts. Guppies did not disperse
over the new upstream border in later visits,
through April 1985.

Processing of Preserved Materials.—We
collected and preserved guppies from the
introduction site and the downstream con-
trol, beginning 27 months after the intro-
duction, to estimate life-history variables;
these collections were made in June 1983,
February 1984, and April 1985. Field-col-
lected females were sampled to give an even
representation of all millimeter size-classes.
The variables measured included 1) stan-
dard length to the nearest 0.05 mm, 2) so-
matic dry weight, 3) fecundity (the number
of developing offspring), 4) offspring stage
of development, 5) offspring size (the av-
erage dry weight of offspring), 6) “Repro-
ductive allotment” (offspring weight/[off-
spring weight plus somatic dry weight]), 7)
the minimum size class of reproducing fe-
males (the smallest size-class in which the
majority of females had yolking ova), and
8) the average size of mature males. Ma-
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turity was judged on the basis of anal-fin
morphology (Turner, 1941).

Laboratory Methods. —In April 1985, 23
gravid females were collected from the in-
troduction site and the downstream control
site. Based on laboratory determinations of
generation time, our best estimate is that
these fish were collected after 10-20 gen-
erations of selection. To minimize the effect
of microenvironmental trends within the
laboratory, we assigned fish to tanks, by lo-
cality, in a stratified randomized fashion in
this and in subsequent generations. Each fish
was isolated in an 8-liter tank, and her off-
spring were collected as the first laboratory
generation. The progeny of each female were
considered to represent distinct lineages. All
young were raised at a density of 10 per 19-
liter tank until they were 25 days old. They
were then still immature but could be sexed
by noting the presence of melanophores at
the base of the abdomen or changes in the
anal fin (Turner, 1941). Sexes were sepa-
rated and raised until the first-laboratory-
generation females were large enough to bear
at least ten young (approximately 24 mm
long and 300 mg).

First-generation females were mated with
first-generation males from a different lin-
eage but the same locale to produce the sec-
ond laboratory generation. Nearly all lin-
eages were represented in the crosses by one
male and one female, and all crosses rep-
resented a unique combination of lineages.
Because some parental females produced
only male or female offspring, only 22 of
the original 23 lineages were included in the
first laboratory generation from the intro-
duction site. We used a wild-caught male to
mate to one first-generation introduction-
site female to compensate for the absence
of first-generation males in one lineage.

The offspring of these crosses, the second
laboratory generation, were reared in the
same fashion as the first laboratory gener-
ation until they were 26-31 days old. Every
individual in each litter was then weighed
and measured. We selected two males and
two females from the middle of the size dis-
tribution in each sib-group to continue in
the quantified feeding phase of the study.
The remaining young were preserved. With-
in sib-groups, each male was randomly
paired with one of the two females in a glass-
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partitioned 8-liter tank, with the female in
the front half. One pair in each sib-group
was assigned to a “high” food level, and the
other pair was assigned to a “low” food level.
Controlled feeding followed the methods of
Reznick (1983), except that all food levels
were systematically lower in this study. The
two tanks with the two sib-pairs were placed
beside each other on the shelf. The place-
ment of these pairs of tanks on the shelves
was randomized by locality.

Males were observed weekly for sexual
maturity; those close to maturity were
checked every 3-4 days. Decisions about
maturity were based on hood and hook de-
velopment in the gonopodium (after Turner
[1941]). To minimize bias in deciding when
males were mature, one observer placed all
males that were mature or close to mature
in coded containers; a second observer,
without a knowledge of the origin of the
male, decided which fish had completed de-
velopment. We preserved the mature males.

Second-generation females were mated
once a week with a randomly chosen wild-
caught male, beginning while they were im-
mature, until first parturition. Females are
highly receptive to mating within 24 hours
of bearing young (Liiey, 1968); they were
crossed again at this time. Males were placed
in the tank after the last feeding of the day
and removed before the first feeding the next
morning to prevent interference with con-
trolled food availability. The partitions were
removed from ‘high” and “low”” food tanks
six and eight weeks after the initiation of
controlled food availability, respectively.
Most of the male siblings had matured and
been preserved by this time. The 19 males
that had not yet matured (out of 86 total)
were transferred to equivalent 8-liter aquar-
ia. After removing the partition, we placed
a net approximately 5 cm from the rear of
each female’s tank. The mesh size allowed
offspring to pass through while keeping a
mature female out, thus reducing the op-
portunity for cannibalism. Offspring, the
third laboratory generation, were collected
within 12 hours of birth and preserved. Fe-
males were preserved immediately after
bearing their second litter, and later dis-
sected to find unborn or cannibalized young.
Only one of 85 females had eaten any of her
offspring (a single newborn fish).
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The variables measured in this study in-
cluded 1) age, weight, and standard length
of second-laboratory-generation males at
maturity, 2) age, weight, and length of sec-
ond-generation females after first and sec-
ond parturition, 3) interbrood interval
(number of days between litters), 4) number
of offspring in the first and second litters
(fecundity), 5) mean dry offspring weight in
each third-generation litter, 6) “‘reproduc-
tive allotment” for the second litter, and 7)
“reproductive effort” for the entire term of
the experiment (as described in Reznick
[1983].

Data Analysis.—The field results were
analyzed as a one-way analysis of variance,
with a separate analysis for each collection
date, using the SAS GLM procedure (SAS
Inst., 1985). Female somatic dry weight and
the stage of development of offspring were
used as covariates in the analysis of off-
spring weight and reproductive allotment.
Female somatic dry weight was a covariate
in the analysis of fecundity. Slope homo-
geneity was confirmed, using the SAS GLM
procedure, before a covariate was included
in the model.

The laboratory results were analyzed as a
two-way analysis of variance with locality
and food availability as fixed main effects.
The weight of the second-generation off-
spring at the beginning of controlled feed-
ing, the date that they entered the experi-
ment, the average water temperature of each
tank, and the number of days when a fish
did not eat its full food ration were evalu-
ated as potential covariates for all depen-
dent variables. In addition, we considered
the postpartum wet weight of a female as a
potential covariate for the number and size
of offspring. We screened the potential sig-
nificance of the covariates by first perform-
ing a nonstepwise multiple linear regression
within each locality and food-availability
treatment and for each dependent variable.
Covariates with the same sign for the regres-
sion coefficients in all four treatment groups
were then evaluated for slope homogeneity
and significance as part of the two-way anal-
ysis of variance before they were included
in the final analysis.

The assumptions of all analyses were
evaluated with analyses of the residuals. The
normality of residuals was tested with the
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FiG. 1. Field phenotypesin the El Cedro River. The

introduction-site guppies (circles), first sampled in June
1983, were derived from the downstream-control site
(triangles) in March 1981. A dashed line joins the March
1981 downstream-control data with the June 1983 in-
troduction-site data to indicate the source and timing
of the introduction. a) Mean standard length (+SE) of
sexually mature males. Values for June 1983, February
1984, and April 1985 are least-square means from the
analyses reported in Table 2. b) Minimum size class
(mm) of reproducing females (see Materials and Meth-
ods for definition).

SAS Proc Univariate. Homogeneity of vari-
ance was evaluated first with a plot of re-
siduals versus predicted values, then with
an F_,, test (Sokal and Rohlf, 1981). The
data for some dependent variables were log-
transformed to normalize the distribution
of the residuals. The assumptions of nor-
mality and homogeneity of variance were
satisfied for all of the reported results.

RESULTS

Field Samples. —Our three pairs of field
samples (June 1983, February 1984, and
April 1985) recorded the life-history phe-
notypes for the two localities and provided
the first clues of evolved changes in life his-
tories. Figures 1 and 2 include data for 1978



1376

D. N. REZNICK AND H. BRYGA

TABLE 2. Summary of analyses of variance of life-history variables in field-collected fish. Definitions of de-
pendent variables: “fecundity” = number of developing embryos in females; “offspring weight” = mean dry
weight of developing embryos in females; “reproductive allotment” = dry weight of developing offspring/total
dry weight; “male size” = standard length (mm) of sexually mature males. Definitions of covariates: “female
weight” = somatic dry weight (mg) of sexually mature females; “developmental stage™ = the stage of development
of the embryos. Values recorded for “locality” and covariates are F ratios. Also reported are the residual sums

of squares and residual degrees of freedom.

Variable Source June 1983 February 1984 April 1985
Fecundity? Female weight (covariate) 28.9%* 46.7*%* 140.4**
Locale 4.0t 46.0** 15.4%*
Residual SS (d.f) 60.65 (27) 207.99 (36) 167.02 (42)
Offspring Developmental stage (covariate) 9.4* - -
weightb Female weight (covariate) - 7.97** 13.5%*
Locale 28.2%* 139.53** 48.9%*
Residual SS (d.f) 2.58 (27) 0.1337 (36) 2.43 (42)
Reproductive Developmental stage (covariate) 4.9* 5.4* 8.6**
allotment Female weight (covariate) - 7.2% 12.8**
Locale 0.8 16.3** 0.4
Residual SS (d.f) 0.0607 (27) 0.0809 (35) 0.0724 (41)
Male size Locale 23.2%* 31.0%* 96.7**
Residual SS (d.f) 36.36 (38) 37.53 (38) 27.60 (38)

2 Slopes of female weight-fecundity regressions were not homogenous for the June 1983 and April 1985 collections.

Data were log transformed for the February 1984 collection.
10.05 < P <0.10.
* P < 0.05.
** P <0.0l.

and 1981 collections from the downstream
control site, illustrating the stability of all
life-history variables before the introduc-
tion.

Mature males from the introduction site
were significantly larger than those from the
downstream control site on all three collec-
tion dates (Table 2, Fig. 1). The minimum
size class of reproducing females displayed
the same trends (Fig. 1). Since female min-
imum size is represented by only a single
number in each sample, this variable was
not amenable to statistical analysis. In our
previous work, these size statistics served
as accurate indices of the age at maturity,
implying that fish from the introduction site
mature later than those from the down-
stream control site.

Two indices of reproductive effort are re-
productive allotment and interbrood inter-
val. Since guppies provide no postpartum
care for their young, these two variables in-
clude much of the natural variation in re-
productive effort. We found no consistent
differences between localities for reproduc-
tive allotment (Table 2, Fig. 2); the two sites
did not differ significantly in the June 1983
collection, and the downstream control site
had higher values in February 1984, but
lower values in April 1985. Data on inter-

brood intervals were only available from the
parental females in the laboratory genetics
study. The two populations did not differ
for this variable (F};, 35;= 0.0854, ns; intro-
duction site: X = 25.9 days; downstream
control site: X = 26.0 days). The results for
the two variables imply that females from
these localities do not differ in reproductive
effort.

Finally, the introduction-site guppies
produced fewer and larger offspring than did
their downstream control counterparts (Ta-
ble 2, Fig. 2). The magnitudes of the differ-
ences and the means for each locality varied
across time, but the results were consistent
and highly significant in all three sampling
pertods.

In summary, the differences in life-his-
tory phenotypes in wild-caught fish parallel
those for our previous comparisons be-
tween Rivulus and Crenicichla localities for
all variables except indices of reproductive
effort. Introduction-site guppies were larger
at maturity and produced fewer, larger off-
spring per brood. Such phenotypic differ-
ences are not necessarily genetic. The pur-
pose of the laboratory study was estimation
of the genetic basis for these observations.

Laboratory Genetics Experiment. —The
second-generation laboratory-reared males
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from the introduction site were significantly
older and larger at maturity than their coun-
terparts from the downstream-control site
(Table 3, Fig. 3). We found a significant
food-by-locality interaction, because the
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FiG. 3. Male age (+SE) and live weight (+SE) at
maturity in second-generation, laboratory-reared gup-
pies. Values are least-square means from a two-way
analysis of untransformed data.

magnitude of the difference between the two
localities was larger at low levels of food
availability. In general, low food males were
older and smaller at maturity than high-
food males.

Second-generation females from the two
localities did not differ in the age or size at
first parturition (Table 3, Fig. 4). There was
a significant effect of food availability which
paralleled the results for males; low food
females were older and smaller at first par-
turition than their high food counterparts.
There was a significant interaction between
locality and food availability for age and a
marginally significant interaction for weight.
Such interactions indicate some differences
between the two groups, but we cannot offer
an interpretation for the pattern. The dif-
ferences between localities at high food were
similar to the results for males; down-
stream-control females produced their first
litter when they were smaller and younger
than introduction-site females (Fig. 4).
However, the relative rankings of the two
localities were reversed in the low-food
treatment; females from the downstream
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TABLE 3. Analyses of variance of life-history variables in fish reared in a common laboratory environment for
two generations. Table entries are F values. Definitions of dependent varibles: “male age” and “male weight” =
age (days) and wet weight (mg) at maturation; “female age” and “female weight” = female age (days) and wet
weight (mg, postpartum) at first parturition; “interval” = time interval (days) between the birth of the first and
second litters; “RA2” = reproductive allotment (%) for the second litter; “RE” = reproductive effort for the full
course of the experiment; “N1” and “N2” = the number of offspring in the first and second broods, respectively;
“offspring wt1” and “offspring wt2” = mean dry weight (mg) of individual offspring in the first and second
litters. Definitions of covariates: “initial weight” = the wet weight (mg) of the fish at the beginning of the
experiments; “date in” = the calendar date when a block was initiated; “no eat” = the number of days during
the experiment when a fish did not eat all available food; “wt1” and “wt2” = the postpartum wet weights (mg)
of a female after the first and second litters, respectively. See text for further details.

Source Male age? Male weight? Female age? Female weight? Intervalb.c

Covariates:

Initial weight 21.43*%* 8.59%* — — -

Date in - - — 6.81%* -

No eat - - 5.76* - -

Witl - - - - -

wi2 - - - - -
Main effects:

Locality 25.72%* 12.39%* 0.98 0.00 0.11

Food 43.94%* 83.14** 206.98** 63.99%* 1.36

Locality x food 5.73* 5.06* 5.16* 3.02% 1.62

Residual (d.f) 0.383 (81) 0.385 (81) 0.199 (81) 3.478 (81) 432.28 (80)

R2 0.57 0.56 0.75 0.48 0.04

2 Analysis performed on log-transformed data.

One outlier deleted. This individual had a 46-day interval between litters, which is approximately two times the expected value and was

interpreted as a skipped litter.

¢ One individual jumped out of its tank and died between the first and second litter, accounting for a lost residual degree of freedom.

10.1 < P <0.05.
*0.05 < P <0.01.
** P < 0.0l.

control site tended to be larger and older at
first parturition than their introduction-site
counterparts. The net effect of the interac-
tion was no difference between locality
means. There were no significant effects of
locality, food availability, or their interac-
tion on reproductive allotment, interbrood
interval, or reproductive effort (Table 3, Fig.
5).

Fecundity and offspring weight were ana-
lyzed separately for the first and second lit-
ters (Table 3, Fig. 6). The results were qual-
itatively similar, so only the second litter is
included in Figure 6. The trend in both lit-
ters was for the introduction-site females to
produce more and smaller offspring than
did females of the same size from the down-
stream-control site; note that these trends
are the opposite of those observed in the
wild-caught fish. Locality effects were not
significant for the number or size of off-
spring in the first litter. Locality had a mar-
ginally significant effect on fecundity in the
second litter (0.05 < P < 0.10) and a sig-

nificant effect on offspring weight in the sec-
ond litter (P < 0.05). Lower food avail-
ability caused significantly larger offspring
in both the first and second litters, plus sig-
nificantly fewer offspring in the second lit-
ter.

To summarize, the results for male age
and size at maturity and for reproductive
effort in second-generation fish are consis-
tent with our field observations: introduc-
tion-site males were older and larger at ma-
turity, while reproductive effort did not differ
in the two localities. Fish from different lo-
calities also did not differ in female age or
size at maturity, which is contrary to the
field observations. Finally, there was a re-
versal in the relative fecundity and offspring
size between the field phenotypes and the
genetic differences expressed in the lab. The
introduction-site guppies tended to produce
more and smaller offspring in the second
laboratory generation than did guppies from
the downstream-control site. Reduced food
availability resulted in later maturity at a
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TaBLE 3. Extended.

Dependent variables

RA2¢ RE N1 N2 Offspring wt1¢ Offspring wt2¢
— - 62.17%* — 15.09** -
- — — 49.37** — 4.77*
0.88 0.68 2.12 2.92% 2.41 6.91*
1.13 0.40 0.84 5.96* 33.98** 19.08**
1.37 0.71 0.14 0.73 0.39 0.34
0.135 (81) 66.85 (81) 136.55 (81) 246.02 (80) 1.583 (81) 1.120 (80)
0.04 0.02 0.54 0.61 0.31 0.25

smaller size, lower size-specific fecundity,
and increased offspring size.

DiscussioN

The Response to Selection and Potential
Causes.—Our introduction experiment tests
the hypothesis that a combination of pred-
ators and the environment has selected for
the observed interpopulation differences in
guppy life histories. A more specific hy-
pothesis is that these patterns are caused by
age-specific predation. Our introduction
moved guppies from an area with selective
predation on adults to an area with selective
predation on juveniles. We predicted that
the introduction will favor individuals that
mature later and have lower reproductive
efforts. The results for males fulfill the pre-
dictions, while the results for females do not
(Fig. 7). It is thus not possible to accept or
reject the hypothesis at this time.

It is possible that males respond more
rapidly to selection than do females; the
strength of selection may be greater for
males, males may have more genetic vari-
ation for age at maturity, or the sexes may
differ in the covariance of age and size at
maturity with other aspects of the life his-

tory. Genetic covariances could restrict the
rate of response to selection. These factors,
plus others that would govern the rate of
response to selection (field generation time
or the overall coeflicient of selection) are
unknown, so it is impossible to decide in
advance when to terminate the experiment.
This is in contrast to introduction experi-
ments by Hairston (1980, 1986), in which
a termination date was specified in advance,
based on prior knowledge of the generation
time. If the sexes respond to selection at
different rates, then the prediction is for a
change in females in future assays of these
populations.

An unexpected response to selection was
the apparent reduction in offspring size and
increase in fecundity in the introduction site;
all previous results imply that selection
should favor the opposite response. If den-
sity and resource availability are important
sources of selection in this system, then it
is possible that this trend is the result of the
transient influence of an expanding popu-
lation. The short-term effects of density
would thus be the opposite of what one
would predict for general comparisons be-
tween Rivulus and Crenicichla localities. If
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Fi1G. 4. Female age (=SE) and live weight (£SE) at
first parturition in second-generation, laboratory-reared
guppies. Weight was measured postpartum. Values are
least-square means from a two-way analysis of un-
transformed data.

this were the case, then the effects of density
should be reversed after an interval of time
at high population densities. If density and
resource availability influence offspring size,
then laboratory studies based on later sam-
ples should reveal a reversal of this trend.
Further interpretation of these results re-
quires an understanding of all of the factors
that may have selected for changes in the
life history. The first stage of this introduc-
tion experiment exposed the guppies to three
potential long-term influences and one tran-
sient influence. The long-term effects in-
clude changes in predation (from Crenicich-
la to Rivulus predation), changes in habitat
(such as an increase in canopy cover), and
interactions between predation and habitat.
The transient influence is the effect of an
expanding population. Guppies were intro-
duced at low population densities; popula-
tion size expanded for an unknown number
of generations. Given the multiple factors
that might influence life-history evolution,
the results to date do not permit any firm
conclusions about causality. Furthermore,
any conclusions about causality require ad-
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Methods. All values are least-square means from the
analyses reported in Table 3.

ditional information, such as resource avail-
ability, growth rate, and age-specific surviv-
al. These other topics are currently being
investigated.

Recent papers by Luckinbill and Clare
(Luckinbill and Clare, 1985, 1986; Clare and
Luckinbill, 1985) present an alternative ex-
planation for the incomplete response to se-
lection reported here for guppies. These au-
thors demonstrated that the response to
artificial selection for longevity in Drosoph-
ila melanogaster was dependent on popu-
lation density. They were successful in se-
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from the analyses reported in Table 3.

lecting for increased or decreased longevity
when larvae were reared at high, uncon-
trolled densities, but not when they were
reared at low, controlled densities. These
results suggest a genotype X environment
interaction, such as the nonexpression of
genetic variation for longevity at low den-
sities but significant genetic variation at high
densities. Similar interactions, particularly
with respect to the transient influence of
population density, could have affected the
initial outcome of our experiment.
Phenotypic Plasticity.—There were sub-
stantial differences in life-history pheno-
types of wild-caught versus laboratory-
reared guppies, particularly in fecundity and
offspring size. In field samples, introduc-
tion-site guppies produced fewer, larger off-
spring than did their downstream-site coun-
terparts (Table 2, Fig. 2). In the laboratory,
the introduction-site guppies tended to pro-
duce more and smaller offspring (Table 3,
Fig. 6). This change between the two sets of
observations and the trends seen in the lab-
oratory were completely unexpected and
contrary to all of our previous results. For
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Predicted Observed

Age at Maturity Males: | > C*
1>C
Females: 1= C
Reproductive Effort 1< C 1= C

Fic. 7. Summary of the predictions of the age-spe-
cific predation hypothesis and our observations on sec-
ond-generation, laboratory-reared guppies. The star next
to the male result indicates that this difference was
statistically significant in our laboratory experiment.

example, Reznick and Endler (1982) found
that guppies in field samples from areas with
Rivulus produced fewer and larger offspring
than did guppies in field samples from Cren-
icichla areas. Reznick (19824, 1982b) then
found that these differences persisted after
two generations in the lab and had a genetic
basis.

The response to differences in food avail-
ability in the laboratory provides one pos-
sible explanation for this plasticity. In-
creased food availability resulted in a
decrease in the age and an increase in size
at maturity (males) or first parturition (fe-
males), increased fecundity, and decreased
offspring size. These effects are identical to
those from other experiments with guppies
(Reznick, 1982a, 1983, unpubl.).

If food was less available in the intro-
duction site than in the downstream control
site, then the laboratory results indicate that
guppies in the introduction site should pro-
duce fewer, larger offspring, which they did.
Such differences in resource availability were
predicted for Rivulus sites in general, be-
cause of the higher population densities of
guppies and heavier canopy cover. Canopy
cover has been associated with reduced pro-
ductivity in temperate streams (Hawkins et
al., 1983). However, other aspects of the
life-history patterns of the field-collected
guppies are not consistent with this inter-
pretation. For example, the minimum size
of wild-caught, reproducing females or ma-
ture males is consistently larger in the in-
troduction site. Based on the lower food
availability in the introduction site, one
would predict that the sizes at maturity
would be smaller, relative to downstream-
site (Fig. 4). We therefore do not yet have
a complete explanation for the changes in
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the life history between the field and the
laboratory.

Similar reports of the influence of re-
source availability on life-history variables
are readily available for a wide variety of
organisms (e.g., Hislop et al., 1978; Schmidt
and Gilbert, 1978; Robertson and Salt, 1981;
Travis, 1984; Juliano, 1986; Baird et al.,
1986). These results, plus our observed shift
in life-history patterns between the labo-
ratory and the field, confirm that life his-
tories are highly plastic and that field results
alone are an inadequate index of heritable
life-history patterns. Any conclusions about
trends in life-history evolution that rely on
field results alone (e.g., most of the studies
cited by Stearns [1977]; Zammuto and Mil-
lar, 19854, 1985b) must therefore be inter-
preted with caution.

Alternative Explanations.—Five factors
possibly complicate our interpretation of
these results. The first is the combined in-
fluences of predators and resource avail-
ability. The proposed second phase of the
experiment, in which Crenicichla will be in-
troduced over the waterfall, will potentially
address this issue. If these predators alter
resource availability by reducing guppy
population density, then guppy phenotypes
should change in a fashion consistent with
increased food availability, including in-
creases in growth rate, size at maturity, and
fecundity in the introduction site, relative
to an upstream control.

A second factor that could cause life-his-
tory differences between these populations
is genetic drift. We cannot eliminate this
alternative, but available evidence argues
against it. First, the size of our initial intro-
duction, particularly the number of females
(which store sperm and are likely to be mul-
tiply inseminated), was sufficient to mini-
mize the influence of drift. Second, our ob-
servations five months and 12 months later
suggest that the guppy population grew
steadily after the introduction.

A third factor could be some form of sam-
pling error in generating our stocks for the
laboratory study. The initial sample sizes
(23 gravid females per locality) was suffi-
cient for a substantial sampling error to be
unlikely. In addition, all but two of these
females were equally represented in the sec-
ond laboratory generation. There was thus.
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little opportunity for sampling bias or in-
advertant selection between the parental and
the second laboratory generation.

A fourth possibility concerns the inter-
actions between food availability and lo-
cality in male age and size at maturity (Ta-
ble 3, Fig. 3). These interactions suggest that
the expression of life-history differences de-
pends on the level of food availability and
that such differences may not be expressed
in natural populations; however, the field
results for male size at maturity (Table 2,
Fig. 1) indicate that these differences are
expressed in nature. Furthermore, resource
availability and growth rate are being in-
vestigated in the field. Our preliminary re-
sults suggest that field growth rates are in-
termediate to the “high” and “low” food
treatments in the laboratory, indicating again
that the laboratory results realistically rep-
resent field performance.

A final possible factor concerns our cri-
teria for concluding that there are genetic
differences between the two populations of
guppies. Our conclusions are based on dif-
ferences evident after two generations in a
common environment. A more appropriate
approach would have included hybridiza-
tions between the two localities; however,
a power analysis indicated that an experi-
ment that was likely to reveal hybrids as
being significantly different from either pa-
rental population would have to be prohib-
itively large. Furthermore, our form of com-
parison includes maternal effects in the
estimated differences between populations.
Maternal genetic effects (i.e., the influence
of maternal genotype on the phenotype of
the offspring, such as reported for offspring
size by Reznick, 1982b) are not of concern
because they still represent genetic differ-
ences between populations; however, ma-
ternal environment effects are a potential
source of bias. Our design would eliminate
any such effect that lasted for one genera-
tion, but would not eliminate more persis-
tent maternal effects. Riska et al. (1985)
modeled such persistent maternal effects and
pointed out that their influence would di-
minish in subsequent generations, while
Falconer (1965) presented an empirical ex-
ample of such a maternal influence on off-
spring size. We know of very few empirical
examples of such effects, but it is impossible
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to say whether the small number is due to
the rareness of the phenomenon or to the
scarcity of attempts to evaluate it. We con-
sider a bias due to maternal environmental
effects to be unlikely, because we carefully
randomized the localities at all stages of the
rearing. This randomization would both
eliminate the single-generation maternal-
environmental effects from the wild-caught
fish and prevent the introduction of such
effects in the laboratory. In addition, the
absence of postnatal care in guppies limits
the oppartunity for transmitting maternal
effects. Nevertheless, persistent environ-
mental influences remain a potential source
of bias in our comparisons.

Conclusions. —Our results provide par-
tial support for the ‘““age-specific predation™
hypothesis by demonstrating the predicted
change in age at maturity in males. Lab es-
timates of female age at first parturition and
reproductive effort did not change in the
predicted fashion. The age-specific preda-
tion hypothesis makes no prediction about
fecundity and offspring size, but the changes
observed here are contrary to expectations
based on previous observations of these fish.
The experiment serves as an initial test of
the effects of predators but also confounds
predation with environmental influences
and the potential effects of resource avail-
ability. These additional factors could be
important in guppy life-history evolution.
Furthermore, complete evaluation of the in-
fluence of predators requires a direct con-
sideration of age- and size-specific survival
in guppies.

These alternatives will be resolved with
further investigations. Many of the possible
explanations described above imply pro-
gressive changes in the life-history patterns
of the introduction-site guppies, relative to
fish from the downstream-control site. The
proposed second phase of introduction (in-
troducing Crenicichla over the barrier wa-
terfall) will provide a critical test of the role
of predators, independent of confounding
environmental influences, as will replicates
of the experiment in different drainages.
Ongoing studies of age-structure and sur-
vival will provide the necessary link in eval-
uating how predators select for changes in
life histories, if they do. Finally, studies of
the quantitative genetics of guppy life his-
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tories will help resolve the differences in the
responses of males and females to the in-
troduction.
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