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Summary
1. We hypothesized that food availability, and therefore body condition, of a rodent
host, Meriones crassus, affects egg production and survival, and development time of
preimago and adults of the first generation of the flea Xenopsylla ramesis.
2. Egg production was significantly higher in fleas parasitizing underfed than control
animals.
3. Food availability for hosts affected survival of eggs and larvae produced by fleas on
these rodents, but did not affect survival of pupae. More than twice the number of eggs
from fleas on food-limited hosts survived than those from fleas on control rodents.
Highest larval survival was recorded in fleas on rodents with 30% of maintenance
energy intake.
4. Survival of new generation imagos was lowest in fleas from parents on hosts with
the highest food limitation. By contrast, survival of parent fleas was highest on hosts
offered 30% of maintenance energy intake.
5. Time of egg and larval development was longest on hosts consuming 30% of energy
requirements for maintenance. By contrast, there was no difference in time to emergence in pupae from flea females on rodents from different treatments. Survival time
under starvation of imago of the first generation was shortest in offspring of fleas that
parasitized M. crassus offered the minimal amount of food. The opposite was true for
parent fleas.
6. The results suggest nutritional and/or energetic cost of host resistance, measured
as host-mediated parasite fitness loss, as well as possible adaptive stress-induced
immunosuppression.
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Introduction
Distribution of parasite individuals across a host
population is characterized by their aggregation. Most
individuals of the parasite occur on a few host individuals,
while most host individuals have only a few, if any,
parasites (Anderson & May 1978). The general cause
of the heterogeneous distribution of parasites is due to
host heterogeneity of the rate of gain or loss of parasites
(Poulin 1998). In other words, if some hosts have more
parasites than would be predicted by chance, it suggests

© 2005 British
Ecological Society

†Author to whom correspondence should be addressed.
E-mail: krasnov@bgu.ac.il

that they offer the parasites a better quality habitat. In
particular, intraspecific host variation in suitability for
a parasite can be caused by the variation in the pattern
of resource acquisition by a parasite such as intrahost
variation in defences.
Hosts defend themselves against parasites using
specific behavioural, physiological and/or immunological
mechanisms that can result in loss of fitness in the
parasites. This host-mediated loss of fitness in a parasite
is considered to be host resistance (Poulin 1998). The
defence against parasites can be costly for a host. For
example, activation of an immune response and even
maintenance of a competent immune system is an energetically demanding process that requires trade-off decisions among competing energy demands for growth,
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reproduction, thermoregulation, work and immunity
(Sheldon & Verhulst 1996). Empirical evidence suggests that such costs can be high (e.g. Moret & SchmidHempel 2000).
The trade-off between the advantage of resistance
and its cost should be most critical for hosts that face
energy limitations. Therefore, energy-deprived hosts
might be less resistant and, thus, represent better patches
for parasites. Intraspecific host variation in energy reserves
can arise due to a variety of reasons (Kam & Degen 1993;
Cumming & Bernard 1997). As a result, in many nontropical vertebrate animals, disease prevalence is increased
during periods of food shortage compared with periods
when food is readily available (Lochmiller, Vestey &
McMurray 1994). However, resources that parasites
extract from their hosts (e.g. blood) can be of a lower
quality in energy-deprived hosts (De Pedro et al. 2003).
Thus, hosts in good condition can be a better food source
than hosts in poor condition (Dawson & Bortolotti 1997).
Consequently, parasites face a trade-off between the
choice to attack less defended but lower-quality, vs more
defended but higher-quality, hosts. From the evolutionary perspective, the strategy of parasitizing either
energy deprived or energy-rich hosts would depend on
relative fitness rewards from exploiting these hosts.
This reasoning leads to two alternative predictions
regarding the effect of host energy deprivation on
reproductive patterns of a parasite. Reproductive output of a parasite will be higher when exploiting energy
deprived hosts if the fitness increment due to reduced
host defences is higher than the fitness decline due to
lower quality of resources extracted from a host.
Alternatively, this reproductive output will be lower
when exploiting energy deprived hosts if the fitness
increment due to reduced host defences is lower than
the fitness decline due to lower quality of extracted
resources.
The effect of body condition of hosts on their
resistance to parasites has been studied in a variety of
animals by manipulating the body condition of hosts
(Oppliger, Christe & Richner 1996; Brown, Loosli &
Schmid-Hempel 2000; Jokela et al. 2005). However, all
of these studies have investigated this phenomenon from
the host perspective, whereas the effect of host condition
on parasite parameters (apart for abundance) has largely
been neglected.
Here, we studied the effect of host energy intake on
parasite fitness. We hypothesized that food limitation
of a rodent host, Meriones crassus, affects reproductive
potential (in terms of egg production) and quality of
offspring (in terms of survival and development time
of preimaginal stages and adults of the first generation)
of its characteristic flea parasite Xenopsylla ramesis.
Fleas (Siphonaptera) are parasites of higher vertebrates,
being most abundant and diverse on small mammals.
In most cases, preimaginal development is entirely
off-host. Larvae of almost all flea species are not
parasitic and feed on organic debris in the burrow and/
or nest of the host.

Materials and methods
    
Fleas and rodents (27 adult males) were obtained from
our laboratory colonies started from field-collected
individuals. Details on the flea and rodent-rearing
procedures can be found elsewhere (Krasnov et al.
2001a,b, 2004). In this study we used only newly emerged
fleas, 2 days of age, which did not feed from emergence
until experimental treatments. The study was conducted
under permits from the Israel Nature and National
Parks Protection Authority and Ben-Gurion University
Committee for the Ethical Care and Use of Animals in
Experiments.

    
Prior to experimental trials with fleas, the rodents were
placed in individual plastic cages (20 × 40 × 15 cm3 with
3 mm clean sand as a substrate) and divided randomly
into three groups (nine individuals per group). One group
(control group, C) was offered millet seeds equivalent to
approximately 100% of maintenance energy requirements, whereas the two other groups were offered
60% (group T1) and 30% (group T2), respectively, of
maintenance requirements. In addition, rodents were
offered 3 g fresh alfalfa leaves, which provided their water
needs but with minimal additional energy (I. Khokhlova,
unpublished data). Energy requirements for mainten−0⋅54
ance of M. crassus were taken as 8·3 kJ mb day−1
(Khokhlova, Degen & Kam 1995) and calculated for
each animal based on its body mass (mb). Animals were
weighed daily at 09.00 h to 0·01 g (Ohaus CT200-S
electronic balance, Ohaus Corporation, Pine Brook, NJ,
USA). Food offered was weighed to 0·0001 g (MettlerToledo AB, Dietikon, Switzerland). Animals from the
control group and animals from the T1 treatment
maintained their body mass throughout the experimental period; their body mass after the first week was
98·9 ± 2·1% and 97·3 ± 1·7%, respectively, of initial
body mass. However, body mass of rodents from the
T2 group decreased after the first week to 81·1 ± 1·8%
of initial body mass.

  
We selected 945 newly emerged female and 270 newly
emerged male X. ramesis and assigned them randomly
to the three experimental treatments that differed in
food availability to a rodent host. We placed 35 female and
10 male fleas on each rodent a week after the beginning
of experiments. Four days after the fleas were in the
rodent cage, we collected the fleas by brushing the hair
of the rodent with a toothbrush and sieving the cage
substrate until no fleas could be recovered during
10 min of either brushing or sieving. No behavioural
difference during manipulations was recorded among
rodents of the three experimental groups. In total, we

627
Reproduction in
fleas exploiting a
food-limited host

recovered 804 female and 156 male fleas. Each female
flea was examined under a light microscope, and the
degree of egg development (early, middle or late stage)
was determined visually (see Krasnov et al. 2002 for
details). Fleas with egg development of middle and late
stages (729 fleas) were placed individually in glass vials
(200 ml) that contained a thin layer of sand and small
pieces of filter paper, assigned an individual number
and transferred into an incubator and maintained at
25 °C air temperature and 90% r.h. (see Krasnov et al.
2001a for details). Vials were checked twice a day
during three consecutive days. After oviposition, we
counted eggs and placed them individually into new
vials. Vials with eggs were checked twice a day until
all larvae hatched. Because death of an egg cannot
be readily identified, an egg was considered dead if no
larva hatched after 7 days (maximal hatching time of
X. ramesis at 25 °C air temperature and 90% r.h.;
Krasnov et al. 2001b), but these eggs were further
monitored for 20 days. After eggs hatched, each larva
was transferred to another vial with clean sand and
dry bovine blood. Vials with larvae were checked twice
a day until a larva pupated or died. Vials with cocoons
were checked twice a day and were shaken slightly during checking to stimulate flea emergence. Because
death of a cocooned pupa cannot be readily identified
as in the case of eggs, a pupa was considered dead if no
imago emerged after 15 days (maximal emergence time
of X. ramesis at 25 °C air temperature and 90% r.h.;
Krasnov et al. 2001b). However, these cocoons were
monitored for another 20 days. Vials with newly emerged
imagos were checked twice a day and the death of a flea
was confirmed by examining it under light microscopy.
In addition, we identified the sex of each newly emerged
imago by examining its genitalia under light microscopy.
Duration of developmental time of each stage, as well
as survival time under starvation of parent females and
newly emerged fleas, were recorded. In total, 729 females
produced 1150 eggs, from which 973 larvae hatched.
Of these larvae, 766 pupated and 730 fleas of the new
generation emerged.
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To adjust for deviations from normality, we applied a
log-transformation on the duration of developmental
time of each stage and survival time of imago. These
parameters were analysed using one- or two-way s
with treatment of hosts and sex of newly emerged fleas
(where appropriate) as independent variables. Duncan’s
test was used for multiple comparisons. We analysed the
differences in survival within preimaginal stage among
rodents from different treatments using the Cox ‘proportional hazards’ regression. The individual number of a
rodent host was treated as a block effect in the survival
analysis.
The difference in preimaginal flea survival was tested
among treatments within each developmental stage using
a χ2-test. χ2 values were based on the sums (for each

Fig. 1. Mean (± SE) number of eggs produced by the female
flea X. ramesis when feeding on M. crassus offered different
energy levels. See text for details of different treatments.

treatment) of the score assigned to each survival time
using Mantel’s procedure (Statsoft 2004), as well as
pairwise between treatments using the Cox–Mantel test.
In addition, we calculated odds ratio of survival of imago
and each preimaginal stage for different treatments and
tested the odds ratio for a departure from the null case
of 1·0 using the χ2-test of independence for 2 × 2 tables.
Male and female fleas (both preimago and imago)
differ in their sensitivity to various factors (Krasnov
et al. 2001a,b). In particular, this difference is manifested in differential survival rate during preimaginal
development. To test the effect of host food availability
on sex ratio of newly emerged adults, we analysed 2 × 2
contingency tables of emerged males and females
using χ2-tests. We searched for deviation of sex ratio of
newly emerged adults from 1:1 and compared this sex
ratio between host treatments.

Results
Egg production by flea females differed significantly
when they fed on rodents from different treatments
(F2,726 = 28·8, P < 0·0001; Fig. 1). Fleas that parasitized
control animals produced significantly fewer eggs than
those that parasitized underfed animals (Duncan’s test,
P < 0·04 for both comparisons). Furthermore, egg
production of fleas fed on rodents with 60% of maintenance energy intake was significantly lower than that
of fleas fed on rodents with 30% of maintenance
energy intake (Duncan’s test, P < 0·00001).
Survival analysis indicated that food availability of
rodent hosts affected survival probability of eggs and
larvae produced by fleas fed on these rodents (Tables 1
and 2). This probability was significantly different
among treatments (χ2 = 13·5 and χ2 = 55·5, respectively,
P < 0·0001 for both). More than twice the number of
eggs from fleas on food-limited rodents survived than
those on control rodents (Cox–Mantel test statistic =
−2·69–3·69, U = −10·7–15·7, P < 0·007 for both; Table 2).
However, no difference in egg survival was found between
fleas on rodents from the two treatment groups (Cox–

Table 1. Survival analysis of preimaginal and imago X. ramesis. Parent fleas were fed
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Stage

Effect

df

β (SE)

t-value

Wald
statistics

P

Egg

Treatment
HI
Treatment
HI
Treatment
HI
Treatment
HI
Treatment
HI

2
26
2
26
2
26
2
26
2
26

− 0·27 (0·09)
0·01 (0·04)
− 0·35 (0·09)
0·04 (0·03)
0·28 (0·25)
− 0·02 (0·09)
0·09 (0·05)
− 0·09 (0·02)
− 0·41 (0·04)
− 0·004 (0·01)

− 2·95
0·27
− 3·69
1·27
1·13
1·15
1·37
0·02
− 9·01
− 0·34

8·71
0·07
13·63
1·62
1·29
1·32
1·90
0·22
81·2
0·12

0·003
0·78
0·0002
0·20
0·25
0·24
0·10
0·60
0·0001
0·73

Larva
Pupa
Imago
Parent imago

Table 2. Odds ratio of survival ( χ 2 ) and mean (± SE)
duration of either development (for eggs, lavae and pupae) or
survival under starvation (for imago) of X. ramesis from M.
crassus hosts with different levels of energy intake. All odds
ratios are significant (P < 0·001). C: 100% of maintenance
energy requirements; T1: 60% of maintenance energy
requirements, T2: 30% of maintenance energy requirements

Stage

Treatment

Odds ratio
of survival χ2

Development or
lifetime (days)

Egg

C
T1
T2
C
T1
T2
C
T1
T2
C
T1
T2
C
T1
T2

3·09
6·02
6·39
3·06
3·09
4·84
21·4
22·8
19·3
–
–
–
–
–
–

5·2 ± 0·03
5·2 ± 0·03
5·9 ± 0·01
13·9 ± 0·2
13·9 ± 0·1
15·0 ± 0·1
14·8 ± 0·3
14·7 ± 0·2
15·2 ± 0·1
26·3 ± 0·7
27·1 ± 0·7
24·5 ± 0·4
10·4 ± 0·6
11·8 ± 0·6
16·8 ± 0·4

Larva

Pupa

Imago

Parent
female

© 2005 British
Ecological Society,
Functional Ecology,
19, 625–631

25·1
74·1
221·4
31·8
30·3
116·9
58·6
88·96
248·2

Mantel test statistic = 0·28, U = 1·3, P > 0·8). The highest
survival of larvae was recorded in fleas fed on rodents
with only 30% of maintenance energy intake (treatment
2) (Cox–Mantel test statistic = −2·59–28·61, U = −9·7–
28·6, P < 0·03 for both comparisons; Table 2), whereas
no difference in survival was found between larvae of
fleas fed on control rodents and rodents with 60% of
maintenance energy intake (Cox–Mantel test statistic =
1·81, U = 7·3, P > 0·07). By contrast, survival of pupae
did not differ among host treatments (χ2 = 3·2, Cox–
Mantel test statistic = −0·92–1·75, U = −1·3– 4·2, P > 0·07
for all).
Sex ratio of newly emerged imagos did not differ
significantly from 1:1 in any treatment ( χ2 = 0·12–1·25,
P > 0·3 for all). Survival of imago fleas of the new generation differed among hosts on which their parents had
fed ( χ2 = 12·9, P < 0·001). The lowest survival was
found in fleas from parents feeding on hosts with the

highest food limitation (Cox–Mantel test statistic =
−2·55–2·62, U = 16·4–28·7, P > 0·05 for both comparisons), but not in fleas from parents feeding on
rodents from the two other treatments (Cox–Mantel
test statistic = −0·43, U = −3·2, P > 0·6). Survival of parent
fleas also depended on the level of food available for
their hosts (χ2 = 106·7, P < 0·0001), being the highest
for those offered 30% of maintenance energy intake
(Cox–Mantel test statistic = −7·00–9·11, U = −61·4–71·8,
P > 0·0001 for both comparisons). In addition, survival
of parent fleas did not differ between those feeding on
control hosts and hosts with 30% of maintenance energy
intake (Cox–Mantel test statistic = 1·42, U = 11·7, P > 0·1).

    
    

Time to hatching differed significantly among eggs produced by females feeding on rodents with different levels
of food limitation (, F2,970 = 327·6, P < 0·0001),
being longest if the host diet provided 30% of energy
requirements for maintenance (Table 2, Duncan’s test,
P < 0·00001). The same was true for the time to pupation
of larvae (, F2,765 = 15·0, P < 0·0001). Larvae produced by females on control rodents or rodents with
60% of maintenance energy intake developed significantly faster that those produced by fleas on hosts
limited to 30% of maintenance energy intake (Table 2,
Duncan’s test, P < 0·0001). By contrast, no difference
in time to emergence was found among pupae from
females on rodents from different treatments (,
F2,727 = 2·4, P > 0·05; Table 2).
Time of survival under starvation of imago of the
first generation was significantly shorter in offspring of
fleas that parasitized M. crassus offered the minimal
amount of food (, F2,727 = 3·97, Duncan’s test;
P < 0·01 for both analyses). Although the effect of flea
sex on this time appeared not to be significant in general
(, F1,727 = 0·96, P > 0·3), significance of the interaction term (sex × treatment; F2,727 = 3·13, P < 0·04)
demonstrated that this effect was manifested differently
among treatments. Indeed, newly emerged females
survived significantly longer than newly emerged males
if the rodent on which a parent flea fed was limited to
30% of maintenance energy intake, whereas no sex
difference in survival time was found in the other two
treatments (Fig. 2).
Energy intake of the host also affected the longevity
of the starving parent female fleas (, F2,726 = 58·4,
P < 0·0001). However, in contrast to the case with the
fleas of the first generation, flea survival was longer on
hosts with lower energy intake (Duncan’s test; P < 0·01).

Discussion
Our hypothesis that food limitation of a host affects
reproductive potential and quality of the offspring
of an ectoparasite was confirmed. Moreover, each of
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Fig. 2. Mean (± SE) survival time under starvation of newly emerged male and female
X. ramesis in different treatments.
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two alternative predictions was partly supported.
Reproductive output of a flea was higher when exploiting underfed hosts than well-fed hosts in that egg production and survival of at least two of the preimaginal
stages (eggs and larvae) were higher in underfed hosts.
However, the quality of flea offspring in terms of development time of eggs and larvae was lower when a flea
exploited malnourished hosts.
Both higher egg production and higher survival of
eggs and larvae can be related to a decline in the immune
responses in hosts with limited food intake. Immunosuppression may be a result of two mechanisms, namely
resource reallocation to other metabolic needs (Sheldon
& Verhulst 1996) and/or avoidance of immunopathology
caused by food stress via neuroendocrine mechanisms
(Råberg et al. 1999). The immunity has been shown
to be an energetically and/or nutritionally demanding
process (Sheldon & Verhulst 1996; but see Klasing 1998).
Furthermore, relationships between parasitism, immunity
and reproduction observed in wild birds and mammals
strongly suggest a high energy cost of the immune
system (Oppliger et al. 1996; Demas & Nelson 1998;
Ilmonen et al. 2003). Indeed, flea egg production increased
when their hosts maintained body mass, in spite of food
limitation. It is possible that body composition of the
rodents changed and body energy was reduced, although
the body mass itself did not decrease (Kam, Khokhlova
& Degen 1997). This confirms that host resistance
against parasites which, in our case, is related to the
immune defence system and is measured via parasite
fitness, is not only nutritionally, but also energetically
demanding (see review in Lochmiller & Deerenberg
2000).
From an ecological viewpoint, short-term suppression of the immune system may be advantageous for
a host because it enables reallocation of resources
to functions that support immediate survival during

periods of food limitation (Apanius 1998). However, if
food limitation occurs in a predictable manner (e.g.
seasonally), it can be advantageous to suppress other
functions (e.g. reproduction) rather than immune
function. Indeed, the ‘winter immunoenhancement
hypothesis’ was suggested by Nelson & Demas (1996)
to explain the increase in the immune parameters
during winter reproduction break in small mammals
from temperate environments (Lochmiller & Dabbert
1993; Lochmiller et al. 1994).
However, the immune system is potentially harmful
to the host because a high immune responsiveness
increases the risk of immunopathology (such as an
autoimmune response). Furthermore, stress, such as
food limitation, may activate the hypothalamic–
pituitary–adrenal axis and increase plasma levels of
glucocorticoid steroids (see Råberg et al. 1999 and references therein) which are largely immunosuppressive.
Indeed, reduced food availability was shown to elevate
corticosterone concentrations and suppress immune
function (Demas & Nelson 1998). Råberg et al. (1999)
argued that the immunosuppression via neuroendocrine mechanisms is adaptive because it allows the
avoidance of hyperactivation and subsequent immunopathology during stressful situations.
Increased survival of eggs and larvae of fleas feeding
on food-limited hosts suggests that a supposedly
weakened immune function of underfed hosts affected
parasite fitness in terms of both quantity and quality
of offspring. In other words, the increment of flea fitness because of host food limitation was due to both a
higher number of eggs produced and higher survival of
eggs and of larvae hatched from these eggs. Furthermore, in many flea species, larvae feed not only on organic
debris but also on dried blood of the host obtained
through the faeces of adults. The host blood obtained
by larvae may exert immunological activity against
them. This possibility was excluded in our experiments
since the larvae were fed by dried bovine blood, but it
can be important in a natural situation. As a result, the
larvae produced by females exploiting a malnourished
immune-suppressed host may have better chances of
survival than larvae from females feeding on a wellnourished host with a good body condition.
By contrast with eggs and larvae, survival and developmental time of flea pupae did not depend on the
nutritional status of the host. In general, sensitivity of
flea pupal stages to various factors is low because
pupae are enclosed within the protective microenvironment of the cocoon. Nevertheless, pupal mortality
and the rate of development depend mainly on the
condition of the larvae, in particular, on their nutritional status (Linardi, DeMaria & Botelho 1997). This
strong effect of larval condition can mask the effect
of other factors, including those related to nutrition
status of a host and on the survival and development
of the pupae.
Nevertheless, eggs and larvae produced by females
on underfed hosts developed for longer than those
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produced by females on hosts with higher food availability. In addition, fleas of the new generation born
from parents feeding on strongly food-limited hosts
died from starvation earlier than those born from
parents feeding on rodents consuming more food. This
occurrence was more pronounced in male than in
female fleas, confirming our previous findings on lower
resistance to starvation in males (Krasnov et al. 2002).
Longer development time and earlier death due to
starvation of fleas whose parents parasitized underfed
hosts suggest that although fleas can benefit by
exploiting a weakened host in terms of quantity of
offspring and one of their quality components (higher
survival ability), they can also lose in terms of other
quality components of offspring (longer development
time). Field observations on the distribution of parasites among hosts differing in body condition indicate
that the former option is usually chosen (but see
Dawson & Bortolotti 1997), especially given that parasites seem to be able to select between hosts according
to fitness considerations (e.g. Krasnov et al. 2004 for
fleas). For example, higher abundances of parasites
were found in hosts with poorer body condition
(Whiteman & Parker 2004). However, it is difficult
to distinguish between a cause and a consequence in
observational studies of host body condition and
parasite abundance. Indeed, manipulation of parasite
numbers demonstrated that, at least in some host–
parasite systems, it was parasitism that caused the
decrease in host body condition rather than inferior
host body condition that attracted parasites (Neuhaus
2003).
Finally, starving parent fleas survived for longer
if their rodent host was underfed. This again can be
explained by weakened immunoregulatory and effector
responses of underfed rodents. Responses stimulated
by ectoparasites involve various components (see Jones
1996). Supposedly lower titres of these components
can favour resistance to starvation of an ectoparasite.
This can be especially important to fleas for at least
two reasons. First, fleas are exposed to strong and/or
specific immune attacks because of their intimate
association with host blood, the site of major immune
defence systems, and skin associated lymphoid tissues
(Wikel 1996). Second, digestion in fleas is intracellular
and they lack a peritrophic membrane (Vatschenok
1988) which, in many arthropods, separates ingested
food from the gut epithelium and, thus, may restrict
penetration of ingested immune effector components
(Eiseman & Binnengton 1994).
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