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Abstract The eastern treehole mosquito, Aedes triser-
iatus (Say), was used in two experiments testing
assumptions and predictions of life history theory.
Experiment 1 employed direct, phenotypic manipula-
tions of reproductive investment (blood meal mass) to
test for a physiological cost of reproduction expressed as
reduced longevity with increasing reproductive invest-
ment. As predicted, A. triseriatus from Vero Beach, Fla.,
showed costs increasing with investment in reproduc-
tion, but mosquitoes from Ashland, Va., showed the
opposite response. This di�erence in apparent costs of
reproduction may in¯uence patterns of reproductive
investment documented in the second experiment. To
test the hypothesis that di�erent predator-induced ex-
pected mortality rates among juveniles result in di�erent
patterns of reproductive allocation, we compared the
allocation tactics of A. triseriatus from eight geographic
populations, four sympatric with and four allopatric to
the predatory mosquito, Toxorhynchites rutilus (Coq).
Path analysis identi®ed a phenotypic trade-o� between
o�spring size and number, supporting this fundamental
assumption of life history theory. Analysis of covariance
revealed signi®cant variation among populations in re-
plete blood meal mass, reproductive output per unit
blood meal mass (both measures of reproductive in-
vestment), mean egg mass, and egg number, although
intrapopulation variation greatly exceeded interpopula-
tion variation for all traits. Despite this variation among
populations, there were no consistent or signi®cant dif-

ferences between populations sympatric vs. allopatric to
the predator T. rutilus. This experiment therefore fails to
support the hypothesis that greater mortality of juveniles
should be associated with greater o�spring size, lower
o�spring number, and lower reproductive investment.
Our results are interesting, however, because they sug-
gest that reproductive investment, reproductive output,
and the trade-o� between o�spring size and number may
evolve independently in this system.
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Introduction

Life history theory seeks to explain an organism's re-
productive tactics under a given set of conditions (Ro�
1992; Stearns 1992). Trade-o�s within the life history are
assumed to result from allocation of a ®xed resource
budget among growth, maintenance, and reproduction.
Trade-o�s may be manifested as costs of reproduction,
such as decreases in parental longevity or ability to re-
produce later in life associated with increases in early
reproductive investment (Gadgil and Bossert 1970; Bell
1980; Partridge and Harvey 1988). Another trade-o�
occurs within the reproductive budget itself: greater in-
vestment per o�spring is predicted to reduce fecundity.
Given these trade-o�s, natural selection is assumed to
favor trait combinations that optimize ®tness, so that
individuals in discrete populations may become locally
adapted via evolution of age-speci®c reproductive in-
vestment (Law 1979; Michod 1979; Bell 1980), or how
that investment is allocated among o�spring (Gadgil
and Bossert 1970; Smith and Fretwell 1974; McGinley
et al. 1987; Morris 1987; Winkler and Wallin 1987). In
this paper we describe experiments identifying physio-
logical costs of reproduction and documenting di�er-
entiation in the life history tactics of the eastern treehole
mosquito, Aedes triseriatus (Say).
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Most empirical studies of life histories employ phe-
notypic correlations or experimental manipulations to
assess reproductive costs (see Partridge and Sibly 1991;
Reznick 1992a). The interpretation of such experiments
as tests of evolutionary theory is debated (Partridge
1992; Reznick 1992a, 1992b) because these approaches
cannot identify the genetic (evolutionarily important)
basis of reproductive trade-o�s. Ultimately, the evolu-
tionary consequences of such trade-o�s or correlations
among reproductive traits will be determined largely by
the proximate physiological or developmental relation-
ships that cause the correlation; a strong genetic corre-
lation maybe unbreakable and profoundly constrain
evolutionary possibilities, or the correlation may be
evolutionarily malleable, depending on the physiological
or developmental basis of the correlation (Nijhout and
Emlen 1998; WA Frankino, JB Wolf, AF Agrawal, ED
Brodie III, AJ Moore, unpublished data). Phenotypic
manipulations have merit because they can identify the
presence of phenotypic trade-o�s and proximate costs
(Maynard Smith 1991; Partridge 1992; Reznick 1992a;
Sinervo and DeNardo 1996) and they have the potential
to reveal physiological or developmental relationships
which may suggest underlying, genetically based trade-
o�s of evolutionary importance (Sinervo and DeNardo
1996). Furthermore, such manipulations have the ad-
vantage of allowing experimental increase in the varia-
tion among individuals for the trait in question (Sinervo
and DeNardo 1996). We use such a manipulative ap-
proach to investigate proximate costs of reproduction
and geographic variation in reproductive tactics in
A. triseriatus.

In Experiment 1, we manipulate reproductive in-
vestment of individual female mosquitoes from two
populations to determine if there is a physiological cost
associated with reproduction (Gadgil and Bossert 1970;
Bell 1980). In the second experiment, we compare re-
productive allocation patterns of A. triseriatus from
eight distinct geographic populations and test for life
history di�erentiation among populations. We test the
hypothesis that population co-occurrence with a preda-
tor of A. triseriatus larvae is associated with lower
overall reproductive investment (Law 1979; Michod
1979; Bell 1980) and greater o�spring size and lower
o�spring number (Morris 1987).

Life history predictions for A. triseriatus

A. triseriatus larvae develop through four larval instars
and pupate in water-®lled treeholes or arti®cial con-
tainers. In the southern portion of its range, immature A.
triseriatus may su�er intense predation by the larvae of
another mosquito, Toxorhynchites rutilus (Coq.). When
present, T. rutilus larvae prey on all A. triseriatus larval
instars, and can dramatically reduce the numbers of A.
triseriatus that survive to eclosion (Darsie and Ward
1981; Bradshaw and Holzapfel 1983, 1985, 1988; Lou-
nibos et al. 1993, 1997). Predation by T. rutilus is size

selective, with early instars preying on early-instar larvae
and late instars preying on late-instar larvae and pupae
(Ste�an and Evenhuis 1981; Bradshaw and Holzapfel
1983; Lounibos et al. 1993, 1997; Juliano 1996). In the
northern portion of A. triseriatus range, T. rutilus is
absent, and no major predators replace T. rutilus in these
northern habitats (Bradshaw and Holzapfel 1985; Nan-
nini and Juliano 1998). Hence, predation by T. rutilus
larvae in the south is an important source of A. triser-
iatus larval mortality that is absent in the north. Thus, A.
triseriatus sympatric with T. rutilus are expected to have
a considerably greater average mortality rate than are A.
triseriatus allopatric to this predator (see also Juliano
and Reminger 1992; Juliano et al. 1993; Juliano 1996;
Hechtel and Juliano 1997).

Greater juvenile mortality is predicted to select for
lower reproductive investment (Law 1979; Michod 1979)
because increased juvenile mortality lowers the average
contribution of each o�spring to adult ®tness, and
therefore enhances the value of adult survivorship
(Stearns 1992). Thus, this prediction assumes survival
costs of reproduction. Lower reproductive investment
could be manifested in two, non-exclusive ways in
blood-feeding mosquitoes. First, females from popula-
tions subjected to greater predation during the larval
stages may take smaller replete blood meals relative to
body mass. This prediction assumes that the amount of
blood ingested is a phenotypic expression of reproduc-
tive investment, representing a `decision' concerning
allocation of time and energy among life history
components, and that there is some cost (e.g., time, en-
ergy expenditure) of taking a blood meal. We predict
that A. triseriatus from populations co-occurring with
T. rutilus will take smaller blood meals than will A. tri-
seriatus that do not co-occur with this predator. Second,
females from populations subjected to greater predation
on the larval stages may express lower reproductive in-
vestment by producing a smaller mass of eggs (i.e., the
product of individual egg mass and egg number) relative
to body mass and blood meal mass. This prediction
assumes that the female allocates relatively less host
blood protein to egg production and that some com-
ponent of the blood meal (e.g., carbohydrate) is allo-
cated to somatic function. We predict that A. triseriatus
from populations co-occurring with T. rutilus will pro-
duce smaller masses of eggs after controlling for both
body size and blood meal mass. These two predictions
about the relationship of reproductive allotment to co-
occurrence with this predator are not mutually exclusive.

Greater mortality of juveniles is also predicted to
favor production of higher-investment (larger) o�spring
(Morris 1987) because it is assumed that greater o�-
spring size increases the probability of surviving to
adulthood, either by shortening the time to adulthood or
by reducing vulnerability to predators (Stearns 1992).
We therefore predict that A. triseriatus from populations
co-occurring with T. rutilus will produce fewer, larger
eggs than will A. triseriatus from populations that do not
occur with this predator.

60



Our qualitative predictions should be true regardless
of the speci®c rates of mortality of juveniles in sympatric
and allopatric populations, as long as immatures sym-
patric with the predator have appreciably greater ex-
pected mortalities than do those allopatric to the
predator (Morris 1987). Testing these predictions re-
quires determining whether multiple populations sym-
patric with and allopatric to this predator di�er
consistently in the manner predicted. A similar ap-
proach, treating populations as replicates and testing for
signi®cant di�erences between regions, has been used
productively in studying the evolution of the response of
other mosquitoes to geographical variation in selection
acting on immatures (e.g., Bradshaw and Holzapfel
1989). Our tests assume that natural mortality rates of
adults in nature are similar for sympatric and allopatric
populations. Though mortality rates of adults have been
examined in a few northern (allopatric) populations
(e.g., Walker et al. 1987), we know of no comparable
data for southern (sympatric) populations.

Consistent di�erences in reproductive tactics between
regions of sympatry with and allopatry to T. rutilus
would suggest that selection imposed by this predator is
the dominant cause of evolution shaping these life his-
tory traits. Absence of the predicted di�erences in these
reproductive tactics between regions would suggest that
other sources of natural selection or genetic or other
constraints are more important in¯uences on the evo-
lution of these life history traits in A. triseriatus, or that
predation has selected for di�erences in other traits, such
as age and size at adulthood or behavior (Ro� 1992;
Stearns 1992; Abrams and Rowe 1996). Other studies of
geographic variation in A. triseriatus larvae have found
signi®cant variation among populations, but no consis-
tent di�erences between populations sympatric with and
allopatric to this predator behavior (Juliano et al. 1993),
survival in the presence of the predator (Juliano 1996),
and age and size at adulthood (Hechtel and Juliano
1997). Thus, testing for di�erences in reproductive
tactics is a logical next step in testing for evolutionary
e�ects of this predator on its prey.

Materials and methods

A. triseriatus as a model system

A. triseriatus is well suited to tests of life history predictions con-
cerning reproductive tactics for several reasons. First, an essential,
limiting resource necessary for reproduction can be quanti®ed and
manipulated. Protein for oogenesis is obtained entirely from host
blood (Cochrane 1972; Jalil 1974; Mather and Defoliart 1983;
Briegel 1985). Reproductive output appears to be limited primarily
by availability of ten essential amino acids provided in host blood
(Clements 1992) and nitrogen from digested protein not used for
oogenesis is excreted (Briegel 1985). Hence, females can control
their reproductive investment directly by altering the volume of
host blood they acquire. Investigators can exploit A. triseriatus
dependence on host blood, manipulating blood volume ingested to
alter an individual's reproductive investment.

Second, maternal energy reserves derived from carbohydrate
feeding, or from synthesis of lipids and glycogen from carbon ob-

tained in excess, non-essential amino acids in blood may be mobi-
lized to meet the energetic demands of oogenesis (Briegel 1990;
Clements 1992). These energy reserves may be used either as an
energy source for non-reproductive activities (e.g., ¯ight) or for
synthesis of yolk proteins for reproduction (Clements 1992). Fe-
males can live through multiple oviposition cycles, averaging as
little as 11 days in nature (Walker et al. 1987), and realized lon-
gevity of adult females in nature can be as high as 39 days (Walker
et al. 1987). These data produce a daily survival rate of 0.92 (Walker
et al. 1987), implying that approximately 16% of females survive
long enough to take multiple bloodmeals. Thus, trade-o�s in energy
allocation to reproduction versus somatic function are possible and
would constitute costs associated with reproductive investment.

Third, A. triseriatus varies geographically for a variety of
characters (e.g., Livdahl 1979; Miller et al. 1982; Sims 1985; Jul-
iano 1989; Juliano and Reminger 1992; Juliano et al. 1993). This
geographic di�erentiation indicates that populations are su�ciently
isolated to allow local adaptation if appropriate selection pressures
exist.

Collection and maintenance of mosquitoes

A. triseriatus larvae and pupae were collected from eight geo-
graphic populations in the eastern United States. At four of these
sites, the predator T. rutilus is absent or only sporadically present
and rare (Juliano et al. 1993; Juliano 1996; Hechtel and Juliano
1997). These sites allopatric to the predator are: Fermilab (F), near
Batavia, Ill.; Normal (N), Ill.; Worcester (W), Mass., and Romeo
(R), Mich. At the other four sites, the predator is very abundant
and commonly co-occurs with A. triseriatus in the larval environ-
ment. These sites sympatric to the predator include: Ashland (A),
Va.; Olive Branch (O), Ill.; the Duke Research Forest, Durham
(D), N.C., and Vero Beach (V), Fla. Mosquitoes from each pop-
ulation were propagated as free-mating colonies in 0.6-m3 cages.
Colony and experimental adults were maintained at 17:7 L:D at
22°C in experiment 1, and at 17:7 L:D and 24 � 2°C in experiment
2. All adults had continuous access to ~10% sucrose solution.
Anesthetized mice served as blood sources for colony and experi-
mental mosquitoes (for methods see Juliano 1989; Juliano et al.
1993).

Experiment 1: proximate costs of reproductive investment

We manipulated initial reproductive investment to determine
whether individual mosquitoes showed a physiological cost of re-
production in the form of reduced longevity with increasing re-
productive investment. F1 progeny from the Ashland, Va., and
Vero Beach, Fla., populations were hatched synchronously (Novak
and Shroyer 1978). Larvae hatching within 24 h were placed into
250-ml beakers (®ve larvae/200 ml water) with 20.0 mg bovine liver
powder. Pupae were isolated and newly emerged adults were han-
dled within 18 h of eclosion. Newly emerged males were placed in
0.3-m3 cages by population. Newly emerged females were captured
in a plastic capsule, weighed to the nearest 0.1 lg, released into
individual 475-ml cardboard containers with screen lids, and as-
signed randomly to a treatment. All adults had continuous access
to ~10% sucrose solution. We manipulated initial reproductive
investment by allowing females to blood feed to one of three levels:
(1) low, one-third repletion; (2) medium, one-half repletion, and (3)
high, near repletion.

Blood meal mass was determined as the di�erence between pre-
and post-meal weights. Six days after eclosion, females were
weighed (0.1 lg) and then provided with hosts. The host was re-
moved when females had reached the appropriate relative meal
size. Within 45 min of taking a blood meal, the female was re-
weighed. Within 5 h of taking a blood meal, the female was lightly
anesthetized with ether and force-mated (Munstermann and Wa-
smuth 1985) with a male from the same population.

Each female was provided with an oviposition cup (50-ml black
plastic beaker containing ~30 ml water and lined with a paper
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towel) 2 days after taking a blood meal. Oviposition cups con-
taining eggs were replaced daily. When the ®rst oviposition cycle
ended (no oviposition for 9 consecutive days), mosquitoes were
o�ered a second host. Procedures for the ®rst and second gono-
trophic cycles were the same except that during the second cycle,
females were allowed to blood feed to repletion and were not re-
mated. Because only 18 females survived to oviposit their second
clutch, reproductive output in the second gonotrophic cycle was
not analyzed.

The prediction that increased early reproductive investment
negatively a�ects longevity was tested by ANOVA with log of days
from eclosion to death as the dependent variable, and population
and treatment as main e�ects. We chose not to analyze survival
time as a function of absolute meal size because blood meal mass
was manipulated relative to body size; consequently, the absolute
mass of a `low' blood meal for a large mosquito may have exceeded
that of a `medium' blood meal for a small mosquito. We used
ANCOVA with log body mass of females as the covariate to test
whether size, or its interactions, a�ected longevity. We found no
signi®cant e�ects of female size (or its interactions), hence only the
results of ANOVA for treatment and population e�ects are
reported.

Experiment 2: geographic variation in reproductive tactics

We measured the reproductive allocation of F1 females to test for
consistent di�erences among populations in reproductive tactics.
Eggs from each colony were hatched synchronously (Novak and
Shroyer 1978) and larvae were placed in 250-ml beakers (®ve lar-
vae/200 ml water). To produce a range of adult sizes, one of ®ve
food levels (5.0, 10.0, 20.0, 40.0, or 80.0 mg bovine liver powder)
was added to each beaker. Pupae and newly emerged adults were
handled as in experiment 1, except that females were not assigned
to treatments.

Beginning 5 days after eclosion, each female was weighed
(0.1 lg) and o�ered a host every other day until a blood meal was
taken. All females were allowed to blood feed to repletion and then
force mated (Munstermann and Wasmuth 1985). Determination of
female fresh mass and blood meal mass, and forced matings were
all done as in experiment 1. Two days after taking a blood meal, an
oviposition cup was placed in the container with each female.
Oviposition cups were checked and eggs handled as in experiment 1.
At death, females were preserved in 70% ethanol. Female repro-
ductive tracts were dissected, and eggs (stage III or later; Bertram
1962) remaining in the body were counted.

Total reproductive output was calculated as the product of a
female's mean egg mass and fecundity. For each female, we cal-
culated mean dry egg mass (eggs dried for 48 h at 60°C and
weighed individually to 0.1 lg) from 12 eggs which were sampled
randomly throughout the oviposition period. To eliminate poten-
tially misleading e�ects of adult longevity under laboratory
conditions, individual fecundities were calculated as eggs ovipos-
ited + eggs retained at death. Our statistical conclusions were the
same whether we analyzed eggs laid, eggs laid plus mature eggs
(stage V) in the ovaries, or all eggs at stage III or greater.

The prediction that mosquitoes from populations sympatric
with and allopatric to T. rutilus di�er in reproductive investment
was tested by analysis of covariance (ANCOVA). For the ®rst
measure of reproductive investment, log blood meal mass, we tes-
ted for e�ects of region (allopatry/sympatry re. the predator) and
population within region as main e�ects with log of female fresh
mass at eclosion as the covariate. For the second measure of re-
productive investment, log reproductive output, we tested for ef-
fects of region and population within region as main e�ects with
log of female fresh mass at eclosion and log blood meal mass as
covariates. The prediction that mosquitoes from populations
sympatric and allopatric to T. rutilus di�er in their reproductive
tactics (i.e., how reproductive investment is divided among pro-
pagules) was also tested by ANCOVA, testing for e�ects of region
and population within region on log of fecundity and log of mean
egg mass, again with both log female fresh mass and log blood meal

mass as covariates. For all ANCOVAs, preliminary tests indicated
no signi®cant di�erence among slopes for the treatment groups in
relation to the covariates and residual analysis indicated linearity
for all log-log regressions. All tests for di�erences between regions
of allopatry to and sympatry with the predator were made using
population within region as the error term. Although populations
were not truly chosen at random, we wish to draw inferences about
all populations from these two regions. We therefore assume that
our populations within regions are representative samples of all
populations in that region and therefore conduct these tests as
though populations within regions were randomly chosen. When
the region e�ect was not signi®cant it was dropped and variation
among all populations was analyzed. Variance components were
estimated to determine the relative proportions of random varia-
tion associated with populations and individuals within popula-
tions. Multiple comparisons were used to determine speci®c
di�erences among populations for all reproductive parameters.

The possible presence of clinal variation in reproductive tactics
was tested by regressing the adjusted population mean for each
variable against latitude, longitude, and altitude of the collection
sites. In our view, only discrete di�erences in reproductive tactics
between regions of allopatry and sympatry would support our
hypotheses; clines in reproductive tactics would suggest that other
factors a�ect the evolution of reproductive tactics. Hence, testing
for two di�erent patterns in reproductive tactics among popula-
tions allows us to disentangle the e�ects of predation by T. rutilus
from other geographic or environmental parameters.

Path analysis (Li 1975; Mitchell 1993) was used to determine the
direction and strength of direct and indirect e�ects of female fresh
mass on blood meal mass, and their e�ects on egg number and
mean egg mass. Path analysis allows the partitioning of correla-
tions or covariances among variables into direct, indirect, spurious,
and unanalyzed components (see Li 1975; Mitchell 1993; and Re-
sults section for de®nitions and explanations of these components),
and is increasingly applied to the study of life histories (e.g., King
1994; Sinervo and DeNardo 1996). To remove population e�ects,
path analyses were performed on residuals from one-way ANOVAs
with population as the independent variable. Path coe�cients were
obtained by multiple regression of each endogenous variable on all
exogenous variables hypothesized to have direct e�ects (Li 1975).
Alternative path diagrams were tested by comparing coe�cients of
non-determination from reduced models to those of the full model.
This method is preferred over signi®cance testing of individual path
coe�cients because it considers the indirect e�ects of path deletions
(Pedhazur 1982; Kingsolver and Schemske 1991; Mitchell 1993).
Total-e�ect coe�cients (the sum of the direct and indirect e�ects of
one variable on another) were then calculated for each of the
endogenous variables in the path diagram.

Results

Experiment 1: proximate costs of reproductive
investment

There was no signi®cant di�erence between populations
in manipulated blood meal mass (F1,34 � 0.19, P �
0.6697); however, there were di�erences among treat-
ments (F2,34 � 11.60,P � 0.0002;means � SE: low �
1.41 � 0.33 mg; medium � 2.14 � 0.30 mg; high �
3.56 � 0.30 mg). Together, these results show that the
treatment successfully established the same range of re-
productive investment between populations. All females
that took a blood meal oviposited, indicating that even
our smallest blood meals were su�cient for oogenesis.

Although there was no signi®cant e�ect of population
(F1,29 � 2.76, P � 0.1074) or treatment (F2,29 � 0.54,
P � 0.5884) on longevity, there was a signi®cant pop-
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ulation by treatment interaction (F2,29 � 3.90, P �
0.0317), indicating that the e�ect of initial investment in
reproduction on longevity depends on the geographic
origin of the mosquito (Fig. 1).

Experiment 2: geographic variation
in reproductive tactics

Reproductive investment

Replete blood meal mass did not di�er between regions
of allopatry to and sympatry with T. rutilus; however,
there was signi®cant variation in blood meal mass
among populations (Table 1). Female fresh mass posi-
tively a�ected blood meal mass (Table 1). These results
indicate that although blood meal mass increases with
female fresh mass consistently across all populations,

females of a given size from distinct populations di�er in
their replete blood meal size (Fig. 2A). The proportion
of total random variation due to population (27.9%)
was only about one-third of that due to individuals
within populations (72.3%).

Our other measure of reproductive investment, total
reproductive output (the product of mean egg mass and
fecundity) did not di�er between regions of allopatry to
and sympatry with the predator, but did vary signi®-
cantly among populations (Table 1, Fig. 2B). Female
fresh mass and blood meal mass both positively a�ected
reproductive output (Table 1). These results indicate
that for a given blood meal mass, larger females have
greater reproductive output than smaller females and
that for a constant female size, females taking larger
blood meals have greater reproductive output than fe-
males taking smaller blood meals. Reproductive output
for a given blood meal size and given female size is also

Fig. 1 Treatment means (�SE) for longevity for each population in
experiment 1 (circles Ashland, Va., squares Vero Beach, Fla.)

Table 1 ANCOVA on reproductive investment (blood meal mass
and total reproductive output) in experiment 2. Tests for di�er-
ences between regions (Region) are made using mean square for
population within region [Population(Region)] as the denominator.
The Region and Population (Region) e�ect partition the Population
e�ect into components due to allopatry to vs. sympatry with
Toxorhyncites rutilus, and a component of variation within regions,
respectively

E�ect Blood meal mass Reproductive output

df F P df F P

Population 7 12.70 0.0001 7 5.61 0.0001
Region 1 2.84 0.1428 1 0.66 0.4485
Population(Region) 6 9.08 0.0001 6 6.21 0.0001
Female fresh mass 1 162.19 0.0001 1 30.71 0.0001
Blood meal mass 1 14.33 0.0002
Error 239 112

r2� 0.520 r2� 0.662

Fig. 2 Back-transformed adjusted population means (�SE) for
replete blood meal mass (A) and reproductive output (B) in
experiment 2. Means have been adjusted for the covariates used in
each analysis (see Materials and methods). Open and closed circles
indicate populations allopatric to and sympatric with Toxorhyncites
rutilus, respectively. Population abbreviations are given in Materials
and methods. Means associated with the same letter are not
signi®cantly di�erent (Bonferroni experimentwise a � 0.05)
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dependent on the female's geographic origin. The pro-
portion of total random variation due to population is
small (15.8%) compared to that due to individuals
within populations (84.2%).

Egg number, egg size, and clines

Fecundity did not di�er signi®cantly between regions of
allopatry to and sympatry with the predator; however,
there was signi®cant variation among populations (Ta-
ble 2). After Bonferroni correction (Neter and Wasser-
man 1974) for the number of comparisons (ae � 0.05),
no statistically signi®cant pairwise di�erences among
population-adjusted means could be identi®ed
(Fig. 3A). Female fresh mass and blood meal mass both
a�ected fecundity positively (Table 2). These results in-
dicate that for a given volume of blood, larger females
produced more eggs than smaller females, and for a
given female size, mosquitoes taking larger blood meals
produced more eggs than females taking smaller blood
meals. The proportion of total random variation due to
population was small (5.9%) compared to that due to
individuals within populations (94.1%).

Mean egg mass did not di�er between regions of al-
lopatry to and sympatry with the predator; however,
there was signi®cant variation among populations (Ta-
ble 2, Fig. 2B). Female fresh mass did not signi®cantly
a�ect mean egg mass (Table 2). The proportion of total
random variation accounted for by population was
small (11.4%) compared to that accounted for by indi-
viduals within populations (33.2%) or eggs within indi-
viduals (55.4%).

Only adjusted mean egg mass varied in a clinal
fashion, apparently increasing with latitude (F1,7 �
23.47, P � 0.0029; Fig. 4). However, this relationship
was not signi®cant when mosquitoes from Vero Beach
were excluded from the analysis (F1,6 � 2.90, P �
0.1491).

Table 2 ANCOVA on number of eggs produced (fecundity) and
mean egg mass in experiment 2. Tests for di�erences between re-
gions (Region) are made using mean square for population within
region [Population (Region)] as the denominator. The Region and
Population (Region) e�ect partition the Population e�ect into
components due to allopatry to vs. sympatry with T. rutilus, and a
component of variation within regions, respectively

E�ect Number of eggs Mean egg mass

df F P df F P

Population 7 2.27 0.0311 7 7.92 0.0001
Region 1 0.24 0.6434 1 1.44 0.2747
Population(Region) 6 2.32 0.0356 6 6.51 0.0001
Female fresh mass 1 49.29 0.0001 1 3.12 0.0795
Blood meal mass 1 45.63 0.0001
Error 166 112

r2� 0.636 r2� 0.308

Fig. 3 Back-transformed adjusted population means (�SE) for
number of eggs produced (A) and mean egg mass (B) in experiment 2.
Means have been adjusted for the covariates used in each analysis (see
Materials and methods). Open and closed circles indicate populations
allopatric and sympatric to T. rutilus, respectively. Population
abbreviations are given in Materials and methods. Means associated
with the same letter are not signi®cantly di�erent (Bonferroni
experimentwise a � 0.05)

Fig. 4 Relationship between adjusted population means for mean egg
mass and latitude of population origin. Population abbreviations are
given in Materieals and methods
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Trade-o� between o�spring size and number

Only 122 mosquitoes could be used in the path analysis
due to missing values. The path diagram best ac-
counting for the variance among the variables was the
full model (Fig. 5). All other reduced path diagrams
(alternative hypotheses of causal connections among
variables) yielded signi®cant lack of ®t. The full path
model accounted for 43% of the variation in residual
blood meal mass, 4% of the variation in residual egg
mass, and 40% of the variation in residual egg number
(i.e., residuals after the e�ects of population are re-
moved). In Fig. 5, arrows indicate postulated causa-
tion, and path coe�cients (direct-e�ect coe�cients)
show the direction and magnitude (in standard devia-
tion units) of the direct e�ect of one variable on an-

other. Indirect e�ects of one variable on another
(Table 3) can be calculated by multiplying the coe�-
cients of paths connecting one variable through inter-
vening variables. The total e�ect of one variable on
another (Table 3, total-e�ect coe�cient) is the sum of
its direct and indirect e�ects. Spurious e�ects (Table 3)
are produced by the relationship of two variables to
other causal variables. Raw correlations (Table 3) be-
tween variables can be reconstructed by summing the
products of all connecting paths between the two
variables (equivalent to summing direct-, indirect-, and
spurious-e�ect coe�cients).

Path coe�cients in Fig. 5 reveal the large, positive
e�ects of female size on egg number both directly and
indirectly through blood meal mass. The indirect e�ect
of female size on egg size (through blood meal mass) is
as large as the direct e�ect (Table 3). Blood meal mass
also positively a�ects both egg number and egg mass,
independent of the e�ect of female fresh mass (Fig. 5,
Table 3). Egg mass has a negative direct e�ect on the
number of eggs produced, indicating a trade-o� between
o�spring size and number. Although this direct e�ect
has a small coe�cient (Fig. 5), any model omitting this
path showed a signi®cant reduction in goodness of ®t.
Comparison of the raw correlations with e�ect coe�-
cients (Table 3) illustrates the advantage of path analy-
sis. Both analyses yield similar relationships among
female fresh mass, blood meal mass, and mean egg mass;
however, path analysis revealed that nearly one-half of
the observed raw correlation between blood meal mass
and egg number is a spurious e�ect due to a common
relationship to female fresh mass (Table 3). More dra-
matically, the direction of the relationship between egg
mass and egg number di�ers between the two analyses
(compare direct e�ect and correlation coe�cients, Ta-
ble 3). Simple correlations failed to detect the trade-o�
between o�spring size and number because both vari-
ables share strong positive correlations with common
causes (female fresh mass and blood meal mass). Strong
positive e�ects of female size and blood meal mass
produce a large spurious e�ect (Table 3) that masks the
relatively small, but signi®cant, negative relationship
between o�spring size and number.

Fig. 5 Path diagram of hypothesized causal relationships among
female fresh mass, blood meal mass, mean egg mass, and egg number
for Aedes triseriatus. Coe�cients of non-determination (residual
variation from partial regressions) are designated as unexplained
(U). See text for interpretation

Table 3 Coe�cients from path analysis of the variables in Fig. 5.
Total-e�ect coe�cient � direct-e�ect coe�cient + indirect-e�ect
coe�cient. Pearson correlation coe�cient� total-e�ect coe�-

cient + spurious-e�ect coe�cient () indicates e�ect coe�cient
that is unde®ned in the path model given in Fig. 5)

Causal variable Direct-e�ect
coe�cient

Indirect-e�ect
coe�cient

Total-e�ect
coe�cient

Spurious-e�ect
coe�cient

Pearson correlation
coe�cient

E�ects on blood meal mass
Female fresh mass +0.656 ) +0.656 ) +0.656

E�ects on mean egg mass
Female fresh mass +0.084 +0.089 +0.174 ) +0.174
Blood meal mass +0.136 ) +0.136 +0.055 +0.191

E�ects on egg number
Female fresh mass +0.403 +0.184 +0.587 ) +0.587
Blood meal mass +0.284 ) 0.002 +0.282 +0.264 +0.546
Mean egg mass ) 0.013 ) ) 0.013 +0.124 +0.111
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Discussion

Even though we have detected no consistent di�erences
in life history traits of A. triseriatus between the regions
of allopatry to and sympatry with T. rutilus, there are
interesting relationships among populations in the re-
productive parameters measured. Because all mosqui-
toes were raised under the same laboratory conditions,
the observed di�erences in life history traits probably
re¯ect genetic di�erences among populations in alloca-
tion of reproductive investment, and in the consequences
of that allocation. For example, experiment 1 detected a
cost of reproduction, speci®cally reduced longevity, with
increased early reproductive investment for mosquitoes
from Vero Beach, Fla., but not for those from Ashland,
Va. This di�erence in the relationship of longevity and
investment is interesting because these populations di�er
in natural levels of reproductive investment (blood meal
mass or total reproductive output, Fig. 1). If mosquitoes
from Vero Beach are more sensitive to the physiological
stress of reproduction, then they may reduce this cost by
lowering reproductive investment.

Furthermore, the second experiment revealed that,
within the region of sympatry with the predator, mos-
quitoes from Vero Beach have the smallest investment in
reproduction whereas those from Ashland have the
greatest. Blood meal mass showed the greatest variation
among populations, andmean eggmass the least (Figs. 1,
2). Mosquitoes from Fermilab were the least e�cient in
egg production, taking large blood meals, producing the
fewest eggs, and having relatively low total reproductive
outputs. In contrast, mosquitoes from Durham were the
most e�cient by the same measures. Relative to mos-
quitoes from other populations, those from Vero Beach
took small blood meals, produced small eggs, and had
low reproductive outputs. However, none of the pre-
dicted di�erences between regions of allopatry to and
sympatry with the predator are present, and we therefore
conclude that mortality due to predation by T. rutilus has
not been the primary selective factor in¯uencing these life
history traits of A. triseriatus. Only mean egg mass ex-
hibited a well-de®ned geographic pattern (Fig. 4), and
this apparent cline is heavily in¯uenced by the population
from Vero Beach, Fla., which may be genetically or
phylogenetically distinct from other A. triseriatus
(Zavortink 1972; Munstermann 1985).

While our phenotypic manipulation cannot reveal
genetically based trade-o�s or costs associated with re-
production (Reznick 1992a), the di�erences in expression
of physiologically based costs in our common garden
experiment suggest that there may be genetic di�erences
in¯uencing how such costs are expressed. That we de-
tected signi®cant di�erentiation among populations in
life history traits supports the notion that these repro-
ductive parameters can diverge evolutionarily.

The refuted prediction of lower reproductive invest-
ment under conditions of relatively greater mortality of
juveniles (i.e., in sympatry) depends on an assumed

trade-o� between reproduction and parental growth or
maintenance (Law 1979; Michod 1979). Because adult
size is ®xed at metamorphosis and host blood protein is
used only for egg production (Briegel 1985), the assumed
trade-o� between reproduction and maintenance may be
reduced in anautogenous mosquitoes, although there is
likely to be some trade-o� between maternal energy re-
serves allocated to protein metabolism for reproduction
(Briegel 1990) versus that allocated toward somatic
maintenance. The reduced trade-o� may nonetheless
enhance the relative importance of other selective factors
as determinants of reproductive investment. Relatively
low variation in reproductive output among these pop-
ulations is interesting because females' investment in
reproduction and allocation of reproductive resources
among o�spring varied among populations, suggesting
that reproductive investment, reproductive output, and
the trade-o� between o�spring size and number may
evolve independently. This is best illustrated by com-
paring the similar reproductive outputs of mosquitoes
from Fermilab and Durham. Females from Fermilab
took larger blood meals and produced fewer, larger eggs,
whereas those from Durham took smaller blood meals
and produced more numerous, smaller eggs.

The absence of signi®cant di�erences between regions
may be related to high intrapopulation variation in as-
pects of the larval environment. The life historical shifts
predicted under di�erent levels of juvenile mortality as-
sume constant levels of predator-induced mortality
within a population. Although A. triseriatus commonly
co-occurs with T. rutilus in the south, contact may not
be predictable at a small spatial scale (Juliano 1989).
T. rutilus immatures are more frequent in larger, more
permanent water-®lled containers, whereas A. triseriatus
immatures exploit a range of container sizes that vary in
their degree of permanence (Bradshaw and Holzapfel
1983, 1985, 1988). In addition, Lounibos et al. (1997)
showed that in Florida, the presence and absence of
T. rutilus can vary in time, and it can become locally
extinct for relatively long periods. This temporal varia-
tion also seems likely to occur at other sympatric sites.
Such variable predation may result in spatially or tem-
porally variable selection on A. triseriatus by T. rutilus.
Also, treeholes themselves vary in their e�ects on larval
success (LeÂ onard and Juliano 1995), due to variation in
volume, per capita food availability, water chemistry,
and density of predators and competitors (Bradshaw
and Holzapfel 1983, 1988; Kitching 1987). All these
factors combine to make the juvenile environment
highly variable on a local scale. Such ecological vari-
ability may maintain high intrapopulation variation in
life history traits and retard consistent di�erentiation
between sympatric and allopatric regions (Ro� 1992).

Lack of sympatric-allopatric di�erentiation may also
result if di�erent selective agents favor similar pheno-
types. For example, consider selection acting on egg size.
In the north, larvae are likely to experience a short de-
velopmental season (Juliano 1989) and develop under
conditions of density dependence (Bradshaw and
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Holzapfel 1983, 1985), both of which theoretically favor
greater propagule size (Parker and Begon 1986; Hard
and Bradshaw 1993). Density dependence occurs in the
south, but when developing in a treehole with T. rutilus,
A. triseriatus larvae may be freed from density depen-
dence via mortality due to predation (Chambers 1985;
Lounibos et al. 1993), which is also predicted to select
for greater propagule size (Michod 1979; Morris 1987).
Thus, similar optimal o�spring sizes may result from
two di�erent sources of selection.

Although there are numerous di�erences among
populations, the geographic pattern in reproductive
traits is not clearly related to presence/absence of
T. rutilus. This same pattern of population di�erentia-
tion without a consistent sympatric-allopatric dichoto-
my is present for A. triseriatus behavior (Juliano et al.
1993), size at and time to pupation (Hechtel and Juliano
1997), and vulnerability to predation (Juliano 1996). It
appears that we must look to other ecological or genetic
factors, particularly those speci®c to particular popula-
tions, to understand geographic variation in reproduc-
tive tactics in A. triseriatus. In other studies of life
history variation in container mosquitoes, similar results
showing variation among populations but no consistent
di�erences between regions have been obtained (Brad-
shaw and Holzapfel 1989). The similarity of these results
for two container-dwelling species suggests that condi-
tions in container habitats vary considerably among
populations, and that there is little consistent di�erence
between major geographic regions (Bradshaw and Ho-
lzapfel 1989). Local di�erences in costs of reproduction,
suggested by our ®rst experiment, local patterns of
predation and density dependence, and local variation in
physical factors may all contribute to interpopulation
di�erentiation in reproductive tactics.
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