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Summary

1. Inasmuch as virtually all studies on mortality and reproduction in insects are con-
ducted under conditions in which food availability is constant, little is known about the
demographic response of insects to variable food environments. For example, it is not
known if  and to what extent the life expectancy of insects subjected to shortages of
high-quality food will increase and/or whether this increase is associated with major
decreases in lifetime reproduction.
2. Therefore cohorts of 100 individual female medflies were subjected to different sets
of conditions of protein availability (interspersed with sugar-only diets) including ad
libitum sugar-only (no protein), ad libitum protein and full (protein) diet either every
2nd, 4th, 6th, 11th or 21st day, as well as two lag-treatments (1 day full diet followed
by 30 days sugar-only, followed by one of two cyclical treatments).
3. Both life expectancy and lifetime reproduction were strongly affected by specific
treatments. Specifically (i) mortality was inversely related to frequency of protein avail-
ability whereas lifetime reproduction was directly related; (ii) distinct cycles in repro-
duction began to appear when food pulse cycles were as short as every 4 days. However,
egg-laying peaks and troughs were particularly pronounced in the 10- and 20-day food
pulse cycles; (iii) the peak and trough levels were inversely related to cycle length; and
(iv) the within-cycle height was independent of cycle length, occurring 4 days after pro-
tein food was made available to the cohort whether the cycle length was 5, 10 or 20 days.
4. The results shed new light on the within- and between-cycle and lifetime dynamics
of reproduction when insects are subjected to variable food environments and indicate
that medfly females track food level very closely.
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Introduction

Protein availability in nature is a fundamental determi-
nant of individual fitness and population growth
because amino acids (the basic ingredients of proteins)
are required by individuals for both physiological
maintenance and offspring production. Although the
accessibility of  protein-rich diets for most species
in nature is highly variable, the vast majority of life-
history studies have focused on the birth and death
response of individuals that have constant access to ad
libitum diets. Very few studies have been conducted in
which access to dietary protein by individuals is

pulsed. For example, it is not known whether the life
expectancy of female fruit flies subjected to periodic
pulses of protein-rich food increases relative to cohorts
with unlimited access to protein-rich food, whether
flies rapidly use the dietary protein to synthesize and
lay new eggs but at the expense of little or no subse-
quent egg-laying, or whether their days of reduced egg-
laying due to the absence of protein are recovered later
when protein again becomes available. The reason
answers to these questions are not known is that his-
torically most investigations concerned with the rela-
tionship between food and birth and death rates have
focused on either caloric restriction and/or food
depression (Masoro 1988; Austad 1989; Lynch 1989;
Masoro & Austad 1996; Sohal & Weindruch 1996;
Weindruch 1996; Kirk 2001), reproductive physiology
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(Engelmann 1970; Boggs & Ross 1993), biodemo-
graphy (Carey et al. 1998a,b,c; Sgro & Partridge 1999),
cost of reproduction (Bell 1982, 1984; Reznick 1985;
Bell & Koufopanou 1986; Partridge 1987; Roitberg
1989), life-history trade-offs (Jacome et al. 1995; Tatar
& Carey 1995), and the effects of ‘egg load’ on foraging
behaviour (Prokopy, Roitbert & Vargas 1994).

We believe that understanding the impact of vari-
ability in access to high-quality (high protein-content)
food on birth and death rates is important for several
reasons. First, conditions in which food availability
fluctuates are more consistent with the conditions to
which most animals are subjected in nature. Therefore
the results of  experiments involving variable food
levels will provide new insights into the demographic
response of animals reared under conditions that are
more consistent with what they would experience in
nature (Begon 1976; Bouletreau 1978; Webster et al.
1978; Drew, Courtice & Teakle 1983; Courtice & Drew
1984; Hendrichs et al. 1993). In particular, the results
may reveal if  and to what extent animals subjected to
shortages of high-quality food can extend their lives.
Second, food regimes that vary with time will neces-
sarily generate patterns of egg production that vary with
age. Therefore analysis of both the local and lifetime
dynamics of egg production and mortality in females
denied access to protein-rich food sources part of the
time will deepen understanding of the reproductive
physiology (Engelmann 1970) and mortality dynamics
of insects in general and fruit flies in particular. Third,
earlier studies demonstrated that both food (Carey
et al. 1998b) and host (Carey, Krainacker & Vargas
1986) deprivation in the Mediterranean Fruit Fly
(Ceratitis capitata Wiedemann) will extend longevity.
However, these and similar studies on Drosophila
(Chippindale et al. 1993; Chippindale et al. 1997) were
conducted using constant and not variable conditions.
It is currently not known whether longevity is
increased further with variable food availability as a
result of a caloric restriction effect or whether it will be
decreased due to increased stress and/or partial starva-
tion. Fourth, one of the central questions in the host
foraging ecology of adult insects involves trade-offs
between ‘egg load’ and foraging time (Roitberg 1989;
Prokopy et al. 1994; Rosenheim 1996; Rivero-Lynch &
Godfray 1997; Rosenheim 1999). Knowledge of the
relationship of both egg production and survival to
access to protein sources will shed light on this import-
ant area of population dynamics. Fifth, understanding
the physiological or behavioural mechanisms that
organisms use to buffer life histories against environ-
mental variation is critical to understanding range
shifts, population dynamics under global change sce-
narios, and impacts of introduced predators or hosts
(Boggs 2002). Sixth, studies on the effects of diet on
ageing have a long history including healthy living
(Willett 1994; Casper 1995) and caloric restriction
(Masoro & Austad 1996; Sohal & Weindruch 1996;
Weindruch 1996; McAdam & Millar 1999). Thus the

results of investigations concerned with the effects on
vital rates of variable food availability will complement
the literature on the effects of diet on ageing, shed light
on the underlying mechanisms ageing, and provide
new insights into the dynamics of cost of reproduction.

The current study builds on previous investigations
on the mortality (Carey et al. 1999, 2001) and repro-
ductive (Carey et al. 1998b) response of the medfly
subject to changing dietary conditions. We present the
results of a study on the Mediterranean Fruit Fly
designed to determine the impact of periodically altern-
ating food quality (food pulses) on its reproductive
dynamics and longevity. Three general questions are
addressed: (1) Is the life expectancy increased in
females that have periodic access to a full (protein-
rich) diet? (2) What are the general dynamic properties
of egg-laying in females subjected to regular pulses of
protein-rich food? (3) To what extent does the inability
to produce eggs at young ages due to the lack of dietary
protein pre-empt and/or enhance egg-laying at older
ages?

Methods

A total of 100 medfly females were subjected to one of
nine different dietary regimes classified in one of three
ways: (1) Cyclical. This group consisted of four treat-
ments in which food was available to flies either 2nd,
4th, 6th, 11th or 21st days. These were coded as 1 : 1,
1 : 3, 1 : 5, 1 : 10 and 1 : 20, respectively (i.e. the second
number indicates the number of days flies were pro-
vided sugar-only diet after the one day of full diet). (2)
Cyclical-lag. This group consisted of two treatments in
which flies were given 1 day of protein at eclosion fol-
lowed by 30 days of sugar-only diet and then followed
by either a 1 : 3 or a 1 : 10 pattern of food availability.
(3) Controls. Flies were monitored in three sets of con-
trols including (i) ad libitum sugar-only (Control A);
(ii) ad libitum full diets (Control B); and (iii) first day
after eclosion flies were given full diet but maintained
on sugar-only diet thereafter (Control C). Pairs of flies
were housed in 6·5 × 6·5 × 12 cm3 clear plastic containers.
The full adult diet consisted of yeast hydrolysate and
pure sucrose (1 : 3 ratio by volume) whereas the sugar-
only diet consisted of pure sucrose only. The yeast
hydrolysate (ICN Biomedicals Inc., Costa Mesa, CA,
USA) contained 60% protein along with vitamins and
minerals (Vargas et al. 1997).

Results

 

Summary statistics for the reproductive and longevity
responses of female medflies subjected to the seven
treatments and three control conditions are presented
in Tables 1 and 2. The results merit several comments.
First, it is clear that dietary pattern has a profound
influence on longevity. Life expectancy at eclosion
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among the treatments differed by 35% or nearly
13 days ranging from 37·0 days in the 1 : 1 cyclical
treatment to nearly 50 days in the 1 : 30–1 : 3 lag treat-
ment. Interestingly neither the shortest nor the great-
est life expectancy was observed in the controls. This
suggests that, with respect to survival, constancy of
either protein availability or sugar-only alone is better
under some circumstances but worse under others.
Second, proportionally reproduction was affected to a
much greater degree by dietary pattern than was life
expectancy. For example, net reproduction ranged
from slightly over 50 eggs/female in the sugar-only
controls (Control A) to slightly less than 900 eggs/
female in the ad libitum, full diet control (Control B).
Clearly, reproduction is far more sensitive to fluctu-
ations in the availability of  protein-rich food than is
life expectancy. Third, flies in the two treatments with
the lowest life expectancy (<40 days for full diet Control
B and the 1 : 1 treatment) experienced the highest

lifetime reproduction. Gross reproduction was only
30% higher than net reproduction for the ad libitum
control but 70% higher for the 1 : 1 treatment. This
indicates that many more flies died in the 1 : 1 treat-
ment that were still capable of producing a substantial
number of eggs than those in the ad libitum controls. In
other words, rate of reproductive senescence was more
closely linked to somatic senescence in the ad libitum
treatment than the cyclical treatment. Fourth, life
expectancy was greatest for treatments in which
females were subjected to long periods of sugar-only
diet and lowest for treatments in which females had
access to a short period of sugar-only diet. For example,
the longest-lived flies were those subjected to 1 day
of protein followed by 30 days of sugar-only diet and
then followed by a 1 : 3 cycle (i.e. the 1 : 30–1 : 3 treat-
ment). Generally speaking the demographic summary
measures reveal that reproduction increases with
increasing access to a full diet, life expectancy
increases with decreasing access to a full diet, and the
longevity trade-offs with reproduction are complex
due to the disparity between the rate of ageing of the
reproductive system and the rate of ageing in the fly as
a whole.

 

Patterns of cohort survival (lx) differed across treat-
ments shown in Fig. 1a–d. The 4-day difference in life
expectancy for females in Control A vs Control B
(Table 1) was due to age differences in the patterns of
survival – the survival rate of young flies maintained
on ad libitum full diet was high initially but then rapidly
declined after 1 month (Fig. 1a). In contrast, survival
of  flies given access to a sugar-only diet was nearly
linear through the last fly’s death. Differences existed
between survival patterns of flies subjected to the dif-
ferent cycle treatments. For example, female survival
among treatments where flies were given access to a
full diet only on either the 2nd, 4th or 6th days (treat-
ments 1 : 1, 1 : 3 and 1 : 5, respectively) was similar
through day 20 (Fig. 1b) but diverged thereafter. Sur-
vival after day 20 was inversely related to the frequency
flies had access to a full diet – flies with more frequent
access to a full diet died more quickly (treatment 1 : 1)
whereas flies with less frequent access to a full diet died
off more slowly (treatments 1 : 3 and 1 : 5). Differences
in female medfly survival for treatments with long full-
diet intervals were relatively small as shown in Fig. 1c
for treatments in which flies had access to a full diet
either every 11th day (treatment 1 : 10) or every 21st
day (treatment 1 : 20). Similarly differences in survival
among flies subjected to the lag treatments shown in
Fig. 1d were also relatively minor. In general, it
appears that survival patterns of medfly subjected to
different cycles of protein availability were mediated
primarily by qualitative (switch on or off) rather than
quantitative (egg production levels) reproductive
efforts.

Table 1. Life expectancy, e0 (days), and lifetime reproduction (eggs/female) for medfly
cohorts subject to different food cycles. SD denotes standard deviation, and CI (L) and
CI (U) denote lower and upper confidence intervals, respectively. Codes indicate ratio
of days in which flies were given access to a full diet (sugar + yeast hydrolysate) relative
to days with sugar-only (see Methods)
  

  

Treatment

Life expectancy Reproduction 

e0 SD Mean 95% CI (L) 95% CI (U)

Controls
Control A (sugar) 44·1 26·83 65·0 53·5 76·5
Control B (full) 39·7 13·94 914·4 817·2 1011·6
Control C (1 : 0) 46·8 30·64 762·0 664·7 859·3

Cyclical treatments
1 : 1 37·0 17·56 532·0 453·7 610·4
1 : 3 43·6 34·57 508·5 444·9 572·0
1 : 5 47·5 25·28 317·4 272·9 361·8
1 : 10 49·6 28·73 182·5 154·5 210·5
1 : 20 47·9 33·22 332·0 275·7 388·2

Lag treatments
1 : 30–1 : 3 49·9 31·44 220·9 181·9 259·8
1 : 30–1 : 10 47·6 31·00 136·7 120·4 152·9

Table 2. Mean and standard error for first egg peak and its location (age)
  

  

Treatment

Number eggs Age 

Mean SE Mean SE

Controls
Control A (sugar) 33·8 2·110 6·0 0·785
Control B (full) 41·2 1·369 10·33 0·891
Control C (1 : 0) 39·8 1·588 11·09 1·136

Cyclical treatments
1 : 1 45·4 2·189 8·63 0·908
1 : 3 49·7 2·415 6·89 0·609
1 : 5 49·3 2·813 6·46 0·888
1 : 10 44·1 3·107 5·97 0·842
1 : 20 50·8 3·000 8·31 0·848

Lag treatments
1 : 30–1 : 3 47·3 3·137 7·80 1·246
1 : 30–1 : 10 36·6 2·331 6·35 0·883
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   

The age-specific egg production in the cohort of flies in
the ad libitum full diet treatment (Fig. 2a) was nearly
indistinguishable from the daily pattern of egg produc-
tion in the cohort of flies that had access to full diet
only on alternate days, treatment 1 : 1 (Fig. 2b). In
other words, despite medfly females having access to a
full diet half  as many days in the 1 : 1 treatment relative
to the ad libitum control, females were still capable of
producing eggs at virtually the same rate as flies with
access to a full diet 100% of the time. This result shows
that medflies are capable of compensating for the
absence of food for 24-h periods with very little loss of
lifetime productivity. One reason for the nearly iden-
tical lifetime egg production between the ad libitum
control and the 1 : 1 treatment was that flies in the 1 : 1
treatment laid slightly fewer eggs at younger ages but
compensated for this slight decrease by laying more
eggs at older ages.

Distinct peaks and troughs in egg production begin
to appear in the overall reproductive schedule when
flies are denied access to full diet for 3 or more days
with both the peaks and the troughs directly related to
the length of the period. This is evident in Fig. 2c–f
which shows the reproductive rates for flies subjected
to the 1 : 3, 1 : 5, 1 : 10 and 1 : 20 treatments, respect-
ively. Note that the peaks and troughs vary by only
around 5 eggs per day in the shortest cycle treatment
(3 days without full diet) but by up to 15 eggs per day
at young ages in the longest cycle treatment (20 days
without full diet). The cycle highs and lows in egg pro-
duction generally decreased with age. Also cohorts of
flies that were denied access to a full diet at younger

ages were capable of producing eggs at much older
ages than are flies fed ad libitum (Fig. 1a) or fed a full
diet on alternate days (Fig. 2b).

The reproductive schedules of females subjected to
the lag cycles shown in Fig. 2g–h reinforce the observa-
tion in other treatments that flies denied access to a
full diet at younger ages are capable of producing sub-
stantial numbers of eggs at older ages relative to ad libi-
tum flies. For example, the egg production rates of the
female cohorts at ages beyond 50 days shown in Fig. 2g–
h are substantially higher than egg production rates of
the females subjected to similar treatment cycles but
which were not denied access to a full diet at young ages
(Fig. 2c,e). The egg production rate did not fall to zero
until females were denied access to a full diet for at
least 20 days (Fig. 2f). This suggests that medfly females
have adopted a reproductive strategy in which they retain
the ability to produce at least a few eggs over long peri-
ods when they do not have access to dietary protein.

The data on daily reproduction for individual medfly
females were used to construct event history diagrams
shown in Fig. 3a–i. These diagrams are useful be-
cause they provide insights into the within-cohort
variation in age patterns of egg-laying for the flies for
each of the treatments. The charts reveal that the
reproduction of flies denied access to a full diet part of
the time was lower than that for flies with unlimited
access to a full diet by reducing both the average daily
egg output (particularly the high egg-laying days) and
by increasing the frequency of zero egg-laying days.
For example, females with the highest lifetime egg pro-
duction were maintained on the ad libitum full diet
(Control B). These females produced at least some
eggs over 72% of the time and laid in excess of 30 eggs

Fig. 1. Survival (lx) schedules for flies in each of the seven treatments and three controls: (a) three control cohorts including ad
libitum full diet, sugar-only diet, and first day full diet followed by sugar-only diet for remainder of cohort life (1 : 0); (b) three
short-cycle treatments including full diet every 2nd, 4th and 6th day for treatments 1 : 1, 1 : 3, and 1 : 5, respectively; (c) two long-
cycle treatments including full diet every 11th and 21st day for treatments 1 : 10 and 1 : 20, respectively; (d) two lag-cycle
treatments including full diet on first day followed by 29 days of sugar-only diet followed, in turn by either full diet every 4th or
every 11th day.




















