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Summary:
The b io lo g y  o f fleas has been studied by a number o f authors, as 
has the im pact o f various types o f control measures. H ow ever, 
there are  no m athem atical models simulating the dynam ics o f a 
popu lation o f C tenocephalides felis felis fleas on their host (the 
cat) and in their close environm ent (apartment). The model 
presented in this paper a llow s fo r in tegration o f the numerous 
b io lo g ica l and  behavioura l parameters o f the parasites and their 
hosts and for the varia tion  o f these same parameters. The various 
types o f control measures can be program m ed so that their im pact 
over time can be studied. The model confirms the key role p layed 
b y  adult fleas, o r em erged fleas conta ined in the cocoon . O n ly  
regular app lica tions  o f persistent insecticides to the host an im al 
w ill enab le  control o f the parasite popu lation . A  com bination o f 
these insecticides w ith  an IGR (Insect G row th  Regulator) w ill 
acce lerate decontam ination o f the home environm ent and see the 
d isappearance  o f the parasites a ltogether if they are  not re­
introduced. The association o f ad d ition a l measures such as 
vacuum clean ing w ill acce le rate the process o f decontam ination 
but w ill have no im pact if carried out in isolation. O ne-off 
treatment w ith  insecticide w ill not enab le  a reduction in the 
parasite popu lation , even if carried out frequently. Use o f 
insecticides on the home environm ent premises a lone does not 
a p p e a r to be an adequate  means o f control. The present model 
can be used to test various integrated control measures w h ich  take 
into account d ifferent factors such as the number o f host anim als, 
the frequency o f movement outdoors, the im pact o f the seasons.

KEY WORDS : Ctenocephalides felis, mathematical model, population 
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R é s u m é  :  M o d é l is a t io n  d e  la d y n a m iq u e  d e  po p u l a t io n s  d e  
C t e n o c e p h a lid e s f e u s  d a n s l’e n v ir o n n e m e n t  d o m e s t iq u e  e t  é t u d e

DE L’IMPACT DES DIFFÉRENTS MOYENS DE CONTRÔLE

La  b io lo g ie  des puces a  été étudiée p a r de  nombreux auteurs, 
com m e les différentes m odalités de  traitement. Il n'existe 
cependan t pas d e  m odè le m athém atique simulant la dynam ique  
d 'un e  po pu la tion  d e  puces  C tenocephalides felis felis sur son hôte 
(chat) e t dans l'environnem ent proche (de  type appartem ent), Le 
m odèle ic i présenté perm et d 'in tég re r e t de  fa ire  varie r les 
nombreux param ètres b io log iques et com portem entaux des 
parasites et de  leurs hôtes. Les différents types de  traitement 
peuvent être program m és de  façon à  étudier leur im pact dans le 
temps. La dynam ique confirm e le rôle c lé  joué p a r les puces 
adultes on encore émergées e t contenues dans le cocon. Seuls 
des traitements insecticides rémanents appliqués régulièrement sur 
l'hôte permettent d 'o b te n ir un contrô le des popu lations parasitaires. 
Une com binaison avec des IGR (Insect G row th  Regulator) accélère  
la décontam ination d e  l'ha b ita t et peut permettre une disparition  
des parasites si ces derniers ne sont pas réintroduits dans le 
milieu. L'association aux mesures complém entaires de  type  
aspiration accé lère le processus de  décontam ination, mais celles-ci 
n 'on t aucun im pact si elles sont isolées. Les traitements insecticides 
ponctuels ne permettent pas de  réduire la  po pu la tion  parasita ire, 
même s'ils sont faits fréquemment. La lutte insecticide dans  
l'environnem ent n 'a p p a ra ît pas com m e un moyen de  lutte 
adéquat. C e  m odèle pourra  être utilisé pour tester différents 
moyens de  lutte intégrée, selon différentes situations : nombre  
d'hôtes, sorties fréquentes, incidence saisonnière.

MOTS CLÉS : Ctenocephalides felis, modélisation mathématique, dynamique 
de population, insecticide, IGR.

INTRODUCTION

The biology of C tenocephalides fe lis  felis, the cat 
flea, is well known today through the work of 
various teams, in particular those of Dryden 

(Bowman, 1999; Beugnet & Bourdeau, 1999; Dryden
& Rust, 1994; Kaufman, 1996). Domestic carnivores can 
be infected by several types of flea (Ctenocephalides  
felis, Ctenocephalides canis, Pulex irritans, Archeopsylla 
erinacei, Spilopsyllus cuniculi, Xenopsylla cheopis, Cera-
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tophyllus g a llin ae  and Leptopsylla segnis) but, with few 
exceptions it is the cat flea, Ctenocephalides fe lis  felis, 
that is involved in 90 % of cases of infestation of pet 
cats and dogs. The fleas of rodents, small carnivores, 
wild insectivores or birds are observed more rarely 
(Beaucournu & Menier, 1998; Franc et al., 1998; Kettle, 
1995).
C tenocephalides can is  is observed throughout Europe, 
but its frequency varies from 2 to 30 % of cases, 
depending on the country. This species is palearctic 
in origin, adapted to colder zones. C. fe lis  is African 
in origin and is thought to have been imported into 
Europe by returning crusaders. It then spread throu­
ghout the world in the wake of human migration. The 
sub-species present in Europe is C. fe lis  fe lis  (Beau­
cournu & Menier, 1998). The cat flea is not particu­
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larly specific and can feed off the blood of a variety 
of mammals (carnivores, rabbits, ruminants or humans). 
It is not uncommon for pet owners to be bitten by fleas 
(Ménier & Beaucournu, 1999). The flea is the most 
common ectoparasite, infesting both rural and urban 
carnivores. It is adapted to both exterior and home 
environments and can be observed throughout the 
year, although infestation tends to be greatest from 
spring through to autumn (Drycien & Rust, 1994). 
C tenocephalides fe lis  fe lis  is a small, wingless, insect, 
2 to 4 mm in length, reddish-brown to black in colour. 
The body is laterally compressed, which allows for 
easy movement through fur, and the hind legs are 
highly developed, powerful for jumping. The average 
distance jumped by C tenocephalides fe lis  fe lis  is 20 cm 
(varying from 2 to 48 cm), and 30 cm (from 3 to 50 cm) 
for Ctenocephalides canis. As to height, this is approxi­
mately 15 cm, with a maximum of 25 cm for C. can is  
(Cadiergues et al., 2000).
Knowledge of the flea life cycle is essential to devi­
sing effective prevention of infestation. A number of 
commonly accepted views are false, in particular that 
the adult flea is a transient parasite, present on the host 
cat or dog only when it requires a fresh blood meal. 
Adult fleas tend to stay permanently on the same 
animal (Kettle, 1995; Kramer & Mencke, 2001). When 
they fall off, they can only survive approximately three 
to five days in the home environment. A very small 
proportion of fleas present on a carnivore will change 
host and infest another animal. The risk of contami­
nation through direct contact between animals, such 
as in a vet’s waiting room, although often mentioned, 
is low (Franc & Cadiergues, 1997).
It is not always easy for a pet owner to see when an 
animal is infested with fleas. A number of experiments 
have shown that they are only seen on about one third 
of animals infested. The use of a fine comb increases 
the sensitivity of the search and seeing them on the 
animal in about two thirds of cases (Gregory et al., 
1995). It is much easier to find their fecal matter, in 
the form of little black specks 0.5 to 1 mm in size, 
which is evidence of the fresh blood meal.
Adult fleas reproduce rapidly, approximately 48 hours 
after their first fresh blood meal which usually occurs 
within 30 minutes of arrival on the cat or dog host 
animal. Each female flea can produce up to 50 eggs 
a day for between 50 and 100 days, with an average 
of 20 to 30 eggs per day over a period of two months. 
A flea can live for a maximum of 100 days (Dryden, 
1994; Kramer & Mencke, 2001).
The smooth, white, oval eggs measure about half a mil­
limetre in length. They are not fixed to the host animal, 
but fall to the ground as it moves about or while it 
rests or sleeps. Under favourable conditions of tem­
perature and humidity, the eggs will hatch in three to 
seven days as wormlike larvae a few millimetres long.

Larvae feed on almost any organic debris, in particular 
dried adult flea fecal matter. Larvae prefer humidity and 
avoid light. They can move horizontally about 20 cm, 
in order to take cover (under a chair, for example, or 
to the bottom of carpet and rug fibres) (Robinson,
1995). After three stages of larval development and in 
a period of anything from one week to one month, 
each 6 to 7 mm stage 3 larvae will spin a cocoon in 
which the pupae will develop into the adult stage in 
about 10 days. If conditions are favourable, i.e. if ani­
mals are present in the environment, the adults will 
emerge rapidly. If conditions are not favourable, 
however, the young adult fleas in the cocoon, called 
non-emerged adults, can still survive for several months 
(on average 150 days) protected by the silk cocoon 
(Beugnet & Bourdeau, 1999; Dryden & Rust, 1994; 
Kramer & Mencke, 2001). These non-emerged adults 
are a significant source of parasites immediately avai­
lable should a host animal happen to pass in the vici­
nity. In addition, they are relatively protected from 
insecticides. Newly emerged fleas actively look for host 
animals and can survive about a week without a meal. 
Environmental conditions play a part in flea ecology and 
in the chronology of the flea life cycle. All stages are 
sensitive to drying and a relative humidity rate of 85 % 
is optimal. Temperature accelerates or slows deve­
lopment, a minimum of 22° C seemingly being required, 
with an optimum of 25-26° C. On the other hand, a tem­
perature above 30° C will decrease the life span of 
adults. In winter, an outside temperature approaching 
0° C will cause the death of both larvae and pupae. If 
temperature in the house is 19° C, the life cycle is consi­
derably slowed and only pre-emerged adults will remain. 
These factors explain the presence of fleas all year 
round, and why, given their prolificacy and the rapi­
dity of the development cycle, there is a population 
explosion as soon as fine weather appears. In condi­
tions of sufficient humidity, C tenocephalides fe lis  has 
a life cycle which lasts 14 days at a temperature of 
29° C and 140 days at 13° C (Dryden & Rust, 1994). 
Adult fleas will emerge from the cocoon when sub­
mitted to various stimuli. A passing shadow, footsteps, 
vibrations, can all cause fleas to leave the cocoon, as 
can running a vacuum cleaner over the floor. So it can 
be of great interest to do this before, or just after, treat­
ment of the home environment with an insecticide. 
Host animals can be infected by moving into an infec­
ted environment, whether outside, season permitting 
(walks, holidays), or inside (another pet owner’s home 
environment). Often cats will “import” fleas into a home 
environment, starting the life cycle going, then any dog 
or dogs who reside there will also become infected. 
Given biological and ecological data, a mathematical 
model of a flea population in a defined environment, 
such as an apartment where a dog or cat is present, 
can be envisaged. If the results tally with in vivo and
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in vitro b io log ica l studies, this m odel w ould  then 
perm it sim ulation o f  the im pact o f  various types o f 
control m easures -  chem ical (w ith insecticides or h or­
m one inhibitors), or m echanical -  and an appraisal o f 
com binations o f  these types o f  control m easures.

MATERIAL AND METHODS

Given the know n biology o f  the different stages 
o f  the flea life cycle, the m ode o f developm ent, 
and a chronological seq u en ce  established in 

term s o f the surroundings and conditions in the hom e 
environm ent, it is possible  to reproduce this cycle  in 
diagram  form.

G en era l  d e s c r ip t io n  o f  m o d e l  a n d  d e f in it io n

OF VARIABLES

W e first o f  all consid ered  the five variables rep resen­
ting the stages o f  flea developm ent:
- A ( t): total num ber o f  adult fleas at tim e period t;
- WL ( t): total num ber o f  fleas at egg and larvae stage 
at tim e period t;
- N (t). total num ber o f  fleas at nym ph stage, as a func­
tion o f  time;
- NL ( t): total num ber o f  fleas at latent nym ph stage 
(i.e. that w ill n o t im m ed iately  ev o lv e  in to  n ew ly  
em erged adults), as a function o f  time;
- UFA (t): total num ber o f  pre-adult fleas, as a fu nc­
tion o f  time.

Chronological param eters w ere then  assigned for the 
various stages in the flea life cycle:
-Ti  period o f em bryo and larval stages o f developm ent 
[T1 = from  10 to 30 days, depending from  the climate];

- T2: period o f  nym ph stage o f  developm ent [T2 = four 
days];
- T3: period during w hich latent nym phs do not die
(NL1 ( 0 )  [T3 = 90 days];
- T4: period  during w hich latent nym phs die (NL2 ( t))  
[T4 = 150 days];
- T5: average tim e o f  persistence at UFA stage (UFA = 
pre-em erged fleas, still in co co o n ) [T5 = one day].

B io logical param eters concern ing  rates o f  mortality, 
prolificacy, sex  ratio, w ere also assigned at various sta­
ges:
- µ1: mortality rate for adults;
- µ2: mortality rate for eggs/larvae/nymphs;
- µ3: mortality rate for latent nymphs;
- µ4: mortality rate for UFA;
- x 1: num ber o f  adult fleas brought in from outdoors 
(introduced into the m odel);
- x2: num ber o f  UFA’S brought in from outdoors;
- r: density-dependent excess mortality rate;
- k:  m axim um  reception  capacity, dependent on  host 
animal;
-  fem : proportion o f fem ale in adult population;
- λ : prolificity;
- α: percentage o f  fertile eggs;
- β : percentage o f  su ccess rate for developm ent o f 
immature stages;
- γ: percentage o f  latent nym phs surviving after time 
T3, during T4,
- v: rate o f  passage o f  latent nym phs to UFA, d ep en ­
dent on  presen ce o f  host anim al;
- δ: percentage o f  su ccess o f  UFA’S.

T hese  param eters are sum m arized in T able  I. They 
enable  a progressive m odel to built.
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Definition Sym bol Unit Value

V ariables

Number of adults A number
Number of eggs/larvae WL number
Number of nymphs N number
Number of latent nymphs NL number
Number of unformed adults UFA number

B io lo g ica l p aram eters

Period of embryo and larval development T1 day 30
Period of nymph development T2 day 4
Average time for nymphs before dying T3 day 90
Period during which latent nymphs die T4 day 150
Average time of persistence at UFA stage T5 day 1
Adult mortality rate µ1 1/day 0.02
UFA mortality rate µ4 1/day 1/5
Number of adults brought in from outdoors x 1 N/2 weeks 5
Number of UFA’S brought in from outdoors x2 N/2 weeks 3
Excess mortality rate r - 0.71
Maximum reception capacity K flea 300
Female proportion in the adult flea population fem - 2/3
Prolificity λ N eggs/female 27*(IGRto*IGRvo)
Success rate egg/larvae development α _ (alf [...]*sol)*(Am*IGRe)
Success rate nymph development β _ 0.6
% of nymph survival after T3+T4 γ _ 0.10
Probability of contact of a UFA with a host δ - 0.25*INSe
Proportion of nymphs becoming UFA’s 
independently of presence of host animal

v 1 - 0.167

Proportion of nymphs becoming UFA’s in 
presence of host animal

v2 - 2/3

E n v iro n m en tal p aram eters

Presence of host animal Host - l*Shamp*INSr*INSnr
Host behaviour -  going outdoors Hostcomp - 0

1
Alternation of seasons Season - 0

1
Modulating function of floor cover rug/carpet 
on population

Floor 0 %
[0-201
[20-501
≥  50 %

0
0.2
0.7
1

Modulating function of home environment 
on success of hatching

alf [T °C, % H 20] < 30%  [30-60[ [60-751 [75-851 85

[0-131 
[13-251 
[25-32[ 
[32-401 
≥ 40

0 0 0 0 0 
0 0.3 0.4 0.3 0 
0 0.5 0.6 0.5 0 
0 0.7 0.8 0.7 0 
0 0 0.2 0.2 0

T reatm en t p aram eters

Efficacy of mechanical action on environment Am _ 60 % for 1 day
Efficacy of insecticide on environment INSe - 80 % for 1 day
Efficacy of IGR on environment IGRe _ 60 % for 60 days then rapid decrease
Efficacy of non persistent insecticide INSnr = Shamp - 100 % for 2 days
Efficacy of persistent insecticide on host 
animal

INSr - 100 % for 30 days then decrease 
to 0 % at D90

Efficacy of persistent insecticide in presence 
of regular shampoo treatment

Modulation of INSr - Efficacy reduced to 80 % for 30 days then 
rapid decrease to 0 % at D40

Efficacy of IGR on host animal, topical 
formulation

IGRto - 100 % for 30 days then slow decrease 
up to 90 days

Efficacy of IGR on host animal, oral 
formulation

IGRvo - 100 % on egg production and development 
for 30 days then rapid decrease

Table I. -  Principal parameters of the model: symbol, unit and value.
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Formulation of model is presented on Figure 1, in which:
- WL: represents the population of eggs and larvae. 
They have a quick evolution, T1 (from 10 to 30 days), 
before becoming nymphs;
- N: nymphs, with a mortality rate of p2 which could 
not be distinguish from the global moratlity of eggs and 
larvae. The nymph will evolve within a T2 time (four 
days) to become a NL stage which includes a future 
adult flea. The nymph population is subdivided in NL1 
and NL2, which are the final nymph stages, including 
a non-emerged flea;
- NL1: late nymph or cocoon which includes a pre­
adult stage = non emerged flea. NL1 could evolve very 
quickly by releasing newly emerged fleas, especially 
in case of the presence of host. Nevertheless, in case 
of absence of the host, NL1 will become latent, which 
corresponds to the NL2 status;
- NL2: latent pre-emerged fleas inside the cocoon, 
which represents a stock of future flea in the environ­
ment. These stages are waiting for on host (dog/cat) 
to emerge and become newly emerged fleas (= UFA);
- NL1 + NL2 are living during a minimum of T3 time, 
which is around 90 days. After this delay, the rate of 
mortality increase and the NL population is decreasing 
during a T4 time (in average 150 days);
- UFA: Newly emerged fleas, which could come from 
NL1 (quick appearance) or from the NL2 stock (quies­
cent pre-emerged fleas present in the environment and 
waiting for a stimulus). The newly emerged fleas have 
to find and jump very fast on their host as they cannot 
stay alive a long time without a first blood meal. The 
average time of life before becoming Adult parasite 
stage or dying is T5 (from one to three days, one in 
the model below).

T h e  m o d e l  i n  e q u a t i o n  f o r m

Given the diagram and the parameters set, the model 
can be formulated into an equation. The equations des­
cribing the flea life cycle as a function of time are 
written as follows:

Formulation o f model

and where T1 is the development time for eggs and 
larvae so that:

T1 = (1 -  β) x Tlmax (4)
T2 is the development time for nymphs.
As to nymphs-in-waiting, at the end of a maximum 
time T3 + T4, only γ remain.
With k  dependent on the host animal, and v and δ 
dependent on the presence of the host, v and δ are 
nil in the absence of a host.

In the case where the host is absent, adult fleas disap­
pear, whereas the immature stages continue their deve­
lopment to the latent nymph stage.
The numerical values are as follow.
The following initial conditions have been selected for 
this part of the model:

A(t =  0)  =  20
WL(t =  0)  =  0
N (t =  0) =  0

 NL1(t = 0) = 0  (5)

NL2(t = 0)  =  0
UFA(t = 0)  =  0

We thus start with a healthy environment and the intro­
duction of an animal infested with 20 adult fleas. We 
then consider the existence of in-flows which will 
interfere with the base model. These flows consist of 
the entry of adult fleas subsequent to the outdoor 
movements of the host animal (classic for the cat, for 
example), but also the possibility of nymphs/pupae 
being introduced by an owner.
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D e f in it io n  o f  in - f l o w s D e f in it io n  a n d  a c t io n  o f  t y p e s  o f  t r e a t m e n t s

Two in-flows, independent of the development cycle, 
can be distinguished:
An adult flow k 1 originating from outdoors that the host 
animal brings in to the home environment after having 
been outdoors. It should be noted that k 1 is a func­
tion of time. k1(t) = x1 in the case where there is a host 
going outdoors in the warm season (spring to autumn), 
otherwise k1(t) = 0.
This is summarized as:

k1(t) = x1 × Season × HostComp × Host 
where Season  and HostComp are such that:

(6)

D e f in it io n  o f  sta te  o f  t h e  h o m e  e n v ir o n m e n t

To these equations, we then added the effect of the 
home environment on the successful development of 
embryos and larvae. The success rate for this period 
is indicated using the parameter β .
In the home environment, two elements are necessary 
for the survival of individual fleas: i) that floor cove­
rings be suitable for larvae development, i.e. rugs, car­
pets and old parquet flooring, and ii) conditions of tem­
perature and humidity in the home environment. These 
two parameters are summarized as follows:
- sol: modulating function of floor coverings rugs/carpet 
on the population;
- beta [T°C, %  H2O]. modulating function of home envi­
ronment on the success of development;
with, for the function sol, the following values accor­
ding to the type of covering:

0 % 0 
]0 %, 20 %[ 0.4 
[20 %, 50 %[ 0.7 

[50 %, 100 %] 1 
and for function beta [T°C, % H2O], resulting from the 
combined effect of temperature T °C and humidity % 
H 2O2 the values are:

% H2O 
T °C < 30 [30-60[ [60-75[ [75-85[ ≥  85

[0-13[ 0 0 0 0 0
[13-22[ 0 0.3 0.4 0.3 0
[22-30[ 0 0.5 0.6 0.5 0
[30-40[ 0 0.7 0.8 0.7 0

≥ 40 0 0 0.2 0.2 0

Parameter β  thus becomes a function which depends 
on conditions in the home environment and can then 
be written:

β  = α  x  sol x  beta [T ° C , %  H2O] (7)

We need to be able to induce the supposed effects of 
various types of treatment in the previously defined 
model. The types of treatment and their effects are 
directly derived from current knowledge concerning 
the control of flea populations (Carlotti & Jacobs,
2000).

D e f i n i t i o n  o f  t y p e s  o f  t r e a t m e n t s

Let us first of all consider the eight variables repre­
senting the various types of anti-flea treatment:
- As (t) : action of home vacuum cleaner on popula­
tion dynamics;
- INS (t): action of an insecticide applied to the home 
environment premises;
- IGR ( t): action of an IGR (Insect Growth Regulator) 
applied to the home environment premises;
- INSr (t): action of the treatment of host animal with 
a persistent irlsecticide;
- INSnr (t) : action of the treatment of host animal with 
a non-persistent insecticide;
- IGRvo (t): action of the treatment of host animal with 
an IGR administered orally;
- IGRto (t): action of the treatment of host animal with 
an IGR administered locally.

T r e a t m e n t  o f  t h e  h o m e  e n v i r o n m e n t  p r e m is e s

• Mechanical action: use of vacuum cleaner 
The aspirating action of the vacuum cleaner is a tem­
porary one. The eggs sucked up leave the cycle while 
those not taken up continue to develop without any 
problem. However, this is a regular action. We will 
consider that thereafter it is done periodically, a period 
t more or less long, depending on the hygiene of the 
host animal’s owner. Action As (t), which represents 
the change in survival rate at the WL stage linked to 
the action of the vacuum cleaner, can thus be sum­
marized as:

For t = ητ, As(t) = 1 -  e 1 (8)
For t ≠ ητ, As(t) = 1 

where e1 is the efficacy of vacuuming. However, effi­
cacy e1 can vary, so we have varied the values from 
60 % to 40 %. In Figure 2, e 1 is equivalent to 40 % 
and t is equal to 7. Which corresponds to vacuuming 
once a week.
It is difficult to assess the rate of efficacy of vacuuming, 
depending on several factors: rythm of application, 
power of the material, density and length of carper 
fibers, surface of carpet... (Dryden, 1994). The choice 
of 40 % for efficacy of vaccuming is based on publi­
shed data (Dryden, 1994) as well as a recent experi­
ment done in Germany and comparing various vac­
cuming cleaners and various type of carpets (2004, 
Veterinary Faculty of Munich, unpublished data).
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Fig. 2. -  As (t) as a function of time.

The passage of the vacuum cleaner in the home envi­
ronment has an effect on the dynamics of the flea 
population, but only on the eggs/larvae and UFA seg­
ment since the latter cannot survive being sucked up 
and die in the vacuum cleaner bag. They are there­
fore removed from the equation. This action affects 
both eggs, larvae and UFA. µ2 is therefore increased, 
but only in the WL stage, although this does have an 
effect on the other segments.

In addition, the action of the vacuum cleaner on the 
UFA’s is-.

with At being the time step. Without the vacuum 
cleaner there is no further mortality. On the other hand, 
when the vacuum cleaner is 100 % effective, there will 
be a maximum mortality of corresponding to total 

and instant disappearance of the UFA population.

• Application of insecticide or IGR to the home envi­
ronment premises
It is possible to treat the home environment premises 
so as to eliminate the fleas. Two types of treatment 
are usually used: an insecticide, or an IGR (Insect 
Growth Regulator) (Carlotti & Jacobs, 2000; Kramer & 
Mencke, 2001).

Insecticide
As with vacuuming, insecticides applied to the envi­
ronment will only have a temporary action. They affect 
INS(t) which represents a modification in the success 
rate of the UFA stage to the adult stage connected with 
the action of the insecticide:

For t = ητ, INS(t) = 1 -  e2
For ≠ ητ, INS(t) = 1 (11)

where efficacy e2 is then equal to 80 %.

This treatment increases mortality and therefore decrea­
ses the percentage of success at the UFA stage, 8. From 
that point, when 8  is not nil, it is no longer constant 
and becomes:

δ(t) = 0.4 x INS(t) (12)

Insect Growth Regulator
Treatment of the home environment premises with an 
IGR is not a temporary action, but one which extends 
in time. It can thus be summarized as function of a 
time step followed by a rapid decline. The function 
IGR(t), which represents the modification of egg and 
larvae survival rate and is expressed as follows:

For ητ ≤  t < ητ  + t1, IGR(t) = 1 -  e3
Or otherwise, IGR(t) =1 (13)

where e3 = 60 % for t1 = 60 days.
The IGR acts directly on the potential survival of eggs 
and larvae. There is therefore additional mortality at 
the WL stage of:

LnIGR(t) (14)

• Application of insecticide to host animal 
Two types of insecticide can be used to treat the 
animal directly for fleas: persistent insecticides, INSr(t) 
(the most recent being the “spot on” type), and non- 
persistent, INSnr( t), the older types (such as powders, 
lotions and shampoos).

Non-persistent insecticides
Non-persistent insecticides are applied directly to the 
host animal and kill all adult fleas on the host. Dura­
tion of efficacy is short and action rapid (Franc & 
Cadiergues, 1995). INSnr, which represents modifica­
tion in the attractiveness and reception of the host 
connected with the non-persistent insecticide, is such 
that:

For η τ  ≤ t < η τ  + 2, INSnr(t) = 0
Or otherwise, INSnr(t) =  1 (15)

Action INSnr causes additional mortality of adult fleas 
1 -  INSnr(t) (16)

A1
and a decrease in the success of UFA’s

δ(t) = 0.4 x INS(t) x INSnr(t) (17)
Likewise, fleas from the outdoors are then:

k1{t) x INSnr(t) (18)

Persistent insecticides
Persistent insecticides are applied directly to the host 
animal. They destroy part or all adult fleas on the host 
for a more or less long period of time (Cadiergues et 
al., 2001: Dryden et al., 2000; Schencker et a l ., 2003). 
In this study, we considered that the efficacy e4 of this 
type of insecticide was 100 % for a duration of 45 days 
for dogs, and 30 days for cats. After this, the effect 
disappears over a period of 60 days, whichever type 
of animal is the host animal. Consequently, we will
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Fig. 3 . -  INSr(t) as a function of time for a treatment of cats carried 
out at t = 10 d. The figure 0 corresponds to 100 % mortality, and 
1 to the maximum number of adult fleas (100 % viable).

Fig. 4. -  IGRto(t)  as a function of time for treatment carried out at 
t = 10 days. The figure 0 corresponds to 100 % mortality, and 1 to 
the maximum number of adult fleas (100 % viable).

• A pplication o f  an IG R to a host anim al 
In addition to IGRs w h ich  treat the hom e environm ent 
prem ises, tw o different types o f  external pest control 
products are available on  the m arket: an oral IGR, 
IGRvo, and a topical IGR, IGRto (Jacob s et al., 1997; 
Ja co b s  et al., 2001; Schipstone & M ason, 1995). The 
latter can  b e  com bined  with a persistent insecticide, 
INSr.

Adm inistration o f  an oral IGR
An oral IGR will affect egg production and d evelop­
m ent for 30 days fo llow ed  by  a rapid d ecrease; it the­
refore has a step function. This type o f  treatm ent can 
then b e  described  using the follow ing expression: 

for η τ  ≤  t < η τ  + 30, IGRvo{t) = 0
or otherwise, IGRvo(t) = 1  (19)

W here IGRvo(t)represents the m odification to egg p ro­
duction con n ected  w ith the oral IGR.
W e can  consid er that treatm ent with IGRs reduces the 
prolificacy o f  fem ale fleas. Thus, the oral IG R can  be 
entered  as A. W e therefore obtain:

A = 27 x  IGRvo (20)

Adm inistration o f  a topical, spot-on  IGR 
This type o f  action, used  in con ju n ction  w ith other 
types o f  treatm ent, b lo ck s nym ph transform ation. The 
period during w hich efficacy  is 100 % is 60 days for 
both  dogs and cats. T he period o f  d ecrease is also 
identical in both  sp ecies (60  days). IGRto represents
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the m odification o f  the success rate o f  larvae deve­
lopm ent in con n ection  w ith the topical IG R (Fig. 4). 
T herefore, the num ber o f  larvae reaching the latent 
nym ph state at time t is β IGRto(t)F(t -  T1).

A pplication o f  a com bination  o f  insecticid e + IGR 
(m ethop rene) on  host anim al.
H ere, there is the com bin ed  action  o f  INSr( t) ≠ 1 and 
IGRto2(t) 1.

RESULTS

Simulations o f flea population dynam ics in a closed  
hom e environm ent (apartm ent w ith p resen ce  o f  
a cat) and o f  the incid ence o f  classic treatm ent 
strategies on  these dynam ics. For all sim ulations:

A (t) in red 
WLN (t) in blue
NL (t) = NL[(t) + N L,(t) in green  
Treatm ents in black.

The softw are program m e used  to carry out the sim u­
lations w as: B erkeley  M adonna, V ersion 8 .0 .1 , © 1997- 
2000 Robert I. M acey & G eorge F. Oster.

O b se r v a t io n  o f  m o d e l  d y n a m ic s

• Flea population dynam ics w ith no in-flow  o f fleas. 
B ase  line: on e  cat infested  w ith 20 adult fleas (Fig. 5) 
Conditions in hom e environm ent:
- favourable hum idity and T  °C and im portant floor 
covering (alf[3,4]*sol2);

Mémoire

consider INSr(t), representing the change in adult m or­
tality co n n ected  with the persistent insecticide, as a 
function varying in tim e (Fig. 3).
Action INSr ( t) is such that for a maximum, 100 % effect,

INSnr(t) = 0  and the mortality rate is maxim um This

is equivalent to  saying that in on e  tim e step the adult 
p opulation disappears.
W hen there is no effect, INSnr( t) = 1 and the m orta­
lity rate is d 1. W hence, the m ortality rate is w orth:

Fig. 5. -  Flea population dynamics with no in-flow of fleas.
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- host animal permanently present, no movement out­
doors;
in an environment: (bet[3,3]*sol4).

Fig. 6. -  Flea population dynamics with in-flow of fleas.

• Flea population dynamics with in-flow of fleas 
(Fig. 6)
Conditions in home environment:
- favourable humidity and T °C and important floor 
covering (alf[3,4]*sol2);
- host animal permanently present, with movement out­
doors;
in an environment: (bet[3,3]*sol4).

D y n a m ic s  o f  m o d e l  w it h  im p l e m e n t a t io n

OF VARIOUS POSSIBLE TREATMENT SCENARIOS

Conditions in home environment and base line:
- favourable humidity and T °C and important floor 
covering (bet[3,3]*sol4).

Host animal permanently present and no movement 
outdoors (infestation at TO of 20 adult fleas, no infes­
tation of the home environment premises to begin 
with).

• Mechanical action by vacuum cleaner (Figs 7 & 8) 
One session of vacuuming at D120 (Fig. 7). We consi­
der that the vacuum cleaner acts on eggs, larvae and 
UFA’s but not on latent nymphs with mean efficacy of 
40 % for all stages.
Vacuuming apartment once a week (Fig. 8)

• Simultaneous application of insecticide and IGR to 
home environment premises (Figs 9 & 10)
Single application at D 120 (Fig. 9)
Single application to home environment premises twice 
a year (Fig. 10)

Fig. 9 . -  Simultaneous application of insecticide and IGR to home 
environment premises: single application at D  120.

Fig. 10. -  Simultaneous application of insecticide and IGR to home 
environment premises: single application to home environment pre­
mises twice a year.

• Application of non-persistent insecticide to host 
animal. Single treatment applied once a week for four 
weeks (Fig. 11)

• Application of persistent insecticide to host animal 
(Figs 12 & 13)
Single treatment applied at D 120 (Fig. 12).
Repetition of treatments at D 120, D 150 and D 180, 
or treatment over three successive months (Fig. 13).

• Application of IGR on host animal (Figs 14-17)
Oral administration of IGR al at D 120, D 150 and D 
180, or treatment over three successive months (Fig. 14).
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Fig. 7. -  Mechanical action by vacuum cleaner: one session of vacuu­
ming at D120.

Fig. 8. -  Mechanical action by vacuum cleaner: vacuuming apart­
ment once a week.



BF.UGNET F., PORPHYRE T., SABATIER P. & CH AL VET-MON FRA'»' K.

Fig. 11. -  Application of non-persistent insecticide to host animal: 
single treatment applied once a week for four weeks (Fig. 11).

Fig. 12. -  Application of persistent insecticide to host animal: single 
treatment applied at D 120.

Fig. 13. -  Application of persistent insecticide to host animal: repe­
tition of treatments at D 120, D 150 and D 180, or treatment over 
three successive months.

Topical administration of IGR : administration at D 120 
and at D 180 (Fig. 15).
Trial combining non-persistent insecticide + oral IGR: 
use of non-persistent insecticide three days running 
each week for one month, with parallel oral adminis­
tration of IGR (Fig. 16).
Trial combining non-persistent insecticide + oral IGR: 
use of non-persistent insecticide three days running 
each week for one month, with parallel oral adminis­
tration of IGR for three months (Fig. 17).

• Treatment of host animal combining persistent insec­
ticide and topical (spot-on) IGR (Figs 18-20) 
Treatment of host animal at D 120, D 180 and D 240, 
which corresponds to application of this association 
every two months (Fig. 18).

Fig. 14. -  Oral administration of IGR on host animal at D 120, D 150 
and D 180, or treatment over three successive months (Fig. 14).

Fig. 15. -  Topical administration of IGR on host animal: adminis­
tration at D 120 and at D 180.

Fig. 16. -  Trial combining non-persistent insecticide + oral IGR on 
host animal: use of non-persistent insecticide three days running each 
week for one month, with parallel oral administration of IGR.

Fig. 17. -  Trial combining non-persistent insecticide + oral IGR on 
host animal: use of non-persistent insecticide three days running each 
week for one month, with parallel oral administration of IGR for 
three months.
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Fig. 18. -  Treatment of host animal combining persistent insecticide 
and topical (spot-on) IGR at D 120, D 180 and D 240, which cor­
responds to application of this association every two months.

Fig. 21. -  Dynamics of model with regular outdoor movements of 
host animal and in-flow of fleas: use of the association persistent 
insecticide + spot-on IGR at D 120, D 180 and D 240.

Fig. 19. -  Treatment of host animal combining persistent insecticide 
and topical (spot-on) IGR at D 120, D 180, D 240 and D 300, i.e. 
four treatments with two months between treatments.

Fig. 22. -  Dynamics of model with regular outdoor movements of 
host animal and in-flow of fleas: use of the association persistent 
insecticide + spot-on IGR at D 120, D 180, D 240 and D 300.

Fig. 20. -  Treatment of host animal combining persistent insecticide 
and topical (spot-on) IGR every two months i.e. three treatments 
(at D 120, D 180 and D 240) but with regular vacuum cleaning of 
the apartment once a week.

Fig. 23. -  Dynamics of model with regular outdoor movements of 
host animal and in-flow of fleas: use of the association persistent 
insecticide + spot-on IGR at D 120, D 180, D 240 + regular vacuum 
cleaning of the home environment premises once a week.

Treatment of host animal at D 120, D 180, D 240 and 
D 300, i.e. four treatments with two months between 
treatments (Fig. 19).
Treatment of host animal every two months i.e. three treat­
ments (at D 120, D 180 and D 240) but with regular 
vacuum cleaning of the apartment once a week (Fig. 20).

• Dynamics of model with regular outdoor movements 
of host animal and in-flow of fleas (Figs 21-23) 
Conditions in home environment:
- right humidity and T °C and important floor cove­
ring (bet[3,3]*sol4);

- cat permanently present in home environment but 
with movement outdoors (K = 200).
Use of the association persistent insecticide + spot-on 
IGR at D 120, D 180 and D 240 (Fig. 21).
Use of the association persistent insecticide + spot-on 
IGR at D 120, D 180, D 240 and D 300 (Fig. 22).
Use of the association persistent insecticide + spot-on 
IGR at D 120, D 180, D 240 + regular vacuum clea­
ning of the home environment premises once a week 
(Fig. 23).
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DISCUSSION

Mathematical models are widely used to study 
certain populations of insects such as the 
tsetse fly, vector of trypanosomes, or mos­

quitoes, vectors of malaria. In veterinary medicine, a 
number of authors have been interested in modelling 
tick populations (Beugnet et al., 1998) but no model, 
simple and able to be used by everyone, has been 
devised for modelling flea populations.
The model described in the present paper takes into 
account the biological and chronological parameters that 
have been published concerning Ctenocephalides fe lis  
(Dryden & Rust, 1994; Kramer & Schencke, 2001). The 
model confirms the exponential increase in infestation 
of the home environment premises and of the host 
animal. This very flexibly constructed model can handle 
variations of numerous parameters: seasonal variations, 
impact of type of floor covering, behaviour of host 
animal who may leave the home premises for variable 
periods of time, leaving the contaminated premises in 
an “on-hold” state. The incidence of the various types 
of treatment can also be easily factored in.
The model confirms the major role of nymphs or 
latent cocoons containing the newly emerged future 
fleas (Beugnet & Bourdeau, 1999). It is the resistance 
of this stage of the cycle that makes its mark on popu­
lation dynamics and makes treatment difficult. For ins­
tance, vacuum cleaning of the home premises alone 
does not entirely solve the problem of contamination 
of the home environment even though it is highly 
effective. No chemical treatment carried out as a one- 
off will eliminate the flea population since the in-flow 
of new fleas is not considered. The use of an Insect 
Growth Regulator along with an insecticide in the 
premises has a certain impact, but this is limited by 
the efficacy of this type of treatment which, it is known, 
does not affect all stages of the parasite’s development. 
There can be problems of concentration, of larvae in 
carpets or flooring, and so forth.
The simulations do confirm the need to use persistent 
insecticides regularly on pet animals as being the best 
means of control (Carlotti & Jacobs, 2000; Dryden et 
al., 2000). But as soon as the applications stop, the 
reservoir of nymphs/non-emerged adults starts the whole 
cycle off again.
The association of a persistent insecticide with an 
Insect Growth Regulator can, according to the model, 
result in full decontamination of the home environment 
premises by depletion of nymphs. However, as the 
simulation shows, it only requires the host animal to 
move outdoors and to then reintroduce fleas for the 
decontamination to fail.
A combination of the various means of control seems 
to be what is required, as the simulation shows. This
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includes treating the host animal with insecticide and 
vacuum cleaning the home premises.
The flexibility of the model should enable the various 
control strategies, using all combinations possible, to 
be tested in the future under various conditions (infes­
tation of the host animal, conditions in the home envi­
ronment and behaviour of the host animal), as well as 
eventual new treatments that may come on to the 
market. The impact of an eventual anti-flea vaccine 
could also be tested using this model.
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