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Abstract Parasitism and predation are two ecological interactions that can
occur simultaneously between two species. This is the case of Culicidae (Insecta:
Diptera) and water mites (Acari: Hydrachnidia). The larva mites are parasites
of aquatic and semiaquatic insects, and deutonymphs and adults are predators
of insect larvae and eggs. Since several families of water mites are associated
with mosquitoes there is an interest in the potential use of these mites as biolog-
ical control agents. The aim of this paper is to use mathematical modelling and
analysis to assess the impact of predation and parasitism in the mosquito pop-
ulation. We propose a system of ordinary differential equations to model the
interactions among the larval and adult stages of mosquitoes and water mites.
The model exhibits three equilibria: the first equilibrium point corresponds to
the state where the two species are absent, the second one to the state where
only mosquitoes are present (water mites need insects to complete their life
cycle), and the third one is the coexistence equilibrium. We analyze conditions
for the asymptotic stability of equilibria, supported by analytical and numerical
methods. We discuss the different scenarios that appear when we change the
parasitism and predation parameters. High rates of parasitism and moderate
predation can drive two species to a stable coexistence.
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1 Introduction

In the natural aquatic communities there are groups of arthropods that have
diverse ecological interactions with other insects during their history life. This
is the case of water mites whose basic life cycle consists of eggs, prelarva, larva,
three nymphal stages, and adult stage [17]. Larvae need to parasitize aquatic or
semiaquatic insects to become nymph, and hence to complete their life cycle.
On the order hand, nymphae and adult mites feed on eggs and insect larvae
[3,18]. Thus, there are two major phases in the population dynamics of the water
mites and insects: parasitism and predation.

Water mites are parasites and predaceous of different kind of insects, par-
ticularly mosquitoes. Experimental and field studies regarding the influence of
water mites on their host have been made over the last years [9–11,16,17]. This
research activity has partially resulted from an increased interest in the use of
of water mites as a biological control of species of mosquitoes transmissor of
diseases.

Although considerable advances in the knowledge of the parasitic and pred-
ator associations of water mites with mosquitoes have been made, yet the
information is fragmentary. There have been several descriptive studies of com-
munity structure and estimation of some demographic parameters [1,10,18,19],
but quantitative investigations of the population dynamics of water mites inter-
acting with mosquitoes are needed. The aim of this paper is to model the impact
of parasitic and predation relations on the population dynamics of both species.
For this end we formulate a mathematical model for the interactions among
the larval and adult stages of mosquitoes and water mites. Since the maturation
time of each involved stages is different, we consider more adequate a contin-
uous approach consisting of a 6-dimensional system of differential equations.
We discuss the different scenarios that appear when we change the parasitism
and predation parameters.

Predator-prey and host-parasitoid interactions have been studied exten-
sively. Predator-prey models have been applied to the analysis of communi-
ties, and biological control of insects [4,7,12]. The host-parasite models have
been used on the biological control of insects [8], to compare the strategies
of nematodes in different types of habits of theirs hosts [14], among other
applications. On the other hand, experimental works jointly with mathemat-
ical models have been contributed to the analysis of the inference of the
immune response by helminth endoparasites [2], or to determinate the mecha-
nisms that cause the stability into host-parasitoid interaction of pest insects of
citrus [12].

The structure of the present work is as follows. In the first section we formu-
late the model. Analysis of the model and numerical results are presented in
Sects. 3, 4, and 5. Discussion follows in Sect. 6.
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2 The model

The mosquito population is divided in two phases: the immature stages (larvae
and pupae) denoted by P, and the adult stage. The immature mosquito popu-
lation becomes adult at a per capita rate α. In the presence of water mites, the
adult population is divided in healthy mosquitoes M, and parasitized mosqui-
toes W. The per capita mortality rates of P, M, and W are denoted by μP, μM
and μW , respectively. Since parasitism could increase mortality of mosquitoes,
we assume μM ≤ μW .

The net oviposition rate per female mosquito is proportional to their den-
sity, but it is also regulated by a carrying capacity effect depending on the
occupation of the available breeding sites. We assume that the per capita ovi-

position rate of healthy and parasitized mosquitoes are given by φM

(
1 − P

CM

)

and φW

(
1 − P

CM

)
respectively, where CM is the carrying capacity related to

the amount of available nutrients and space, and φM and φW are the intrin-
sic oviposition rate of both populations. According to biological observations
parasitism reduces the birth capacity of mosquitoes, thus we assume
that φW ≤ φM.

In this model, a crude Lotka-Volterra form of predation is assumed with
mosquito larvae being consumed by adult mites at a rate proportional to their
density, k2P, per predator.

For the water mites population we will consider the life stages according to
parasitism or predation of mosquitoes: prelarval water mites, L1, that search
for adult mosquitoes; larval water mites, L2, that parasitize adult mosquitoes;
and the predatory water mites, A, consisting of deutonymphs and adults that
predate mosquito larvae.

The per capita mortality rates of L1, L2, and A are given by μL1 , μL2 , and
μA, respectively. In the absence of mosquitoes, the per capita oviposition rate

of water mites is given by φA

(
1 − L

CA

)
, where CA is the carrying capacity

and φA, the intrinsic oviposition rate. Following [12], we assume that the mos-
quito consumption is directly related to the fecundity of water mites. Then,
the per capita oviposition rate of adult water mites is incremented by a term

qk2P/CM

(
1 − L

CA

)
, where q denotes the increasing of the egg load under the

consumption of CM mosquito larvae.
As explained in Sect. 1, water mites need to parasitize mosquitoes to com-

plete their life cycle. We assume that water mites search independently and
randomly and their searching efficiency is constant. Then, following [13] the
rate of parasitism of mosquitoes by water mites is given by M(1−e−aL1), where
a is the searching efficiency of water mites. However, in order to simplify the
model we will approximate the expression above by aML1. Thus, flow from the
prelarval stage L1 to the larval stage L2 is given by k1ML1, where k1 = ab,
and 1/b is the average searching time. Larvae L2 become adult at per capita
rate σ .
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According to the assumptions above the model is given by

P′ = φM

(
1 − P

CM

)
M + φW

(
1 − P

CM

)
W − (α + μP)P − k2PA

M′ = αP − k1ML1 − μMM
W′ = k1ML1 − μWW

L′
1 = (φA + qk2P/CM)

(
1 − L1

CA

)
A − μL1 L1 − k1ML1

L′
2 = k1ML1 − (σ + μL2)L2

A′ = σL2 − μAA.

(1)

All parameters of the model are non-negative. It can be shown that solutions
starting in the region

� = {(P, M, W, L1, L2, A) ∈ R6+ : 0 ≤ P ≤ CM, 0 ≤ L1 ≤ CA}

remain there for all t ≥ 0. Therefore, � is positively invariant under system (1),
and it is sufficient to consider solutions in this region where the usual existence,
uniqueness and continuation results hold for the system.

3 Boundary equilibrium points

From system (1) at equilibrium we immediately identify the following equilibria
which are at the boundary of �:

P0 = (0, 0, 0, 0, 0, 0), PM = (P∗, M∗, 0, 0, 0, 0),

where

P∗ =
(

1 − 1
RM

)
CM (2)

M∗ = α

μM
P∗ (3)

and

RM = φMα

μM(α + μP)
. (4)

Thus, P0 is the equilibrium where both species are absent and PM, the state
where only mosquitoes are present. Note that if the mosquito population is zero
then water mites can not complete their life cycle and therefore they will not
be able to survive.

From the expression for P∗ it follows that PM will be feasible if and only if
RM > 1. The parameter RM is the basic offspring number of mosquitoes, that
is, the average number of mosquitoes produced by a single mosquito during
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its survival time. This can be seen as follows: since 1
α+μP

is the average time of

survival of an immature mosquito and 1
α

is the average time of its permanence
as such, then α

α+μP
is the probability that an egg will succeed to become an adult

mosquito. On the other hand, φM
μM

is the average number of eggs oviposited by
one mosquito. Thus, the product of the last two quantities, which is equal to RM,
is the average number of mosquitoes produced by a single mosquito. Then, PM
will be feasible if and only if the basic offspring number is larger than one.

The stability properties of P0 are given by the eigenvalues of the derivative
of system (1) evaluated in this point which is given by

DF(P0) =

⎡
⎢⎢⎢⎢⎢⎢⎣

−(α + μP) φM φW 0 0 0
α −μM 0 0 0 0
0 0 −μW 0 0 0
0 0 0 −μL1 0 φA
0 0 0 0 −σ − μL2 0
0 0 0 0 σ −μA

⎤
⎥⎥⎥⎥⎥⎥⎦

. (5)

Solving Det (λI − DF(P0)) = 0 we find that the eigenvalues of DF(P0) are
−μA, −μL1 , −μW , −(σ + μL2), and the roots of the polynomial

p1(λ) = λ2 + (α + μP + μM)λ + (α + μP)μM(1 − RM).

The roots of p1 have negative real part if and only if its coefficients are
positive, and it is clear that this is equivalent to the condition RM < 1. Then,
the trivial equilibrium P0 is locally asymptotically stable if RM < 1 and a saddle
point if RM > 1.

To prove global stability of P0 in � when RM ≤ 1 we use the Lyapunov
function V1 : � → R given by

V1 = αPP + (α + μP)(M + W). (6)

The orbital derivative of V1 is given by

V̇1 =−(α + μP)

[
μM(1−RM(1−P/C)) + μW(1−rRM(1−P/C)) + αk2AP

α + μP

]
,

(7)

where r = φWμM
φMμW

≤ 1 by hypothesis. If RM ≤ 1 then V̇1 ≤ 0, system (1) shows

that the maximal invariant set contained in V̇1 = 0 is P0 which is locally asymp-
totically stable. Therefore, it follows from La-Salle Lyapunov Theorem [6] that
P0 is globally asymptotically stable in �.

When RM > 1 the equilibrium PM is feasible, and its stability is determined
by the matrix DF(PM). After some calculations we find that the eigenvalues of
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DF(PM) are −μW and the roots of the polynomials

p2(λ) = λ2 +
(

φM

CM
M∗ + α + μP + μM

)
λ + μM(α + μP)(RM − 1),

p3(λ) = λ3 + a1λ
2 + a2λ + a3,

where

a1 = k1M∗ + μL1 + μA + σ + μL2

a2 = (σ + μL2)(k1M∗ + μL1 + μA) + μA(k1M∗ + μL1)

a3 = μA(k1M∗ + μL1)(σ + μL2) −
(

φA + qk2
P∗

CM

)
σk1M∗.

Since RM > 1, the coefficients of the polynomial p2 are positive which in turn
implies that its roots have negative real part.

By the Routh-Hurwitz criteria, the polynomial p3 has roots with negative
real part if and only if ai > 0, i = 1, . . . , 3, and a1a2 > a3. The coefficients a1 and
a2 are positive, and the last condition is straightforward. Therefore, the stability
of PM is given by the sign of a3, which is positive if and only if

RA ≡ (φA + qk2P∗/CM)k1M∗σ
μA(k1M∗ + μL1)(σ + μL2)

< 1. (8)

Global stability of PM can be proven for the special case φA + qk2 ≤ μA via
de Lyapunov function defined in � as

V2 = L1 + L2 + A. (9)

The orbital derivative of V2 is given by

V̇2 = [
(φA + qk2P/CM)(1 − L1/CA) − μA

]
A − μL1 L1 − μL2 L2. (10)

Since P/CM, and L/CA are less or equal than one, V̇2 ≤ 0. Then, all solu-
tions starting in � approach the maximal invariant set contained in V̇2 = 0
[6]. It can be seen readily that this set is the projection of � on the plane
W = L1 = L2 = A = 0. Here Eq. 1 become the following two dimensional
system in P and M:

P′ = φM

(
1 − P

CM

)
M − (α + μP)P

M′ = αP − μMM.

Applying Bendixon criteria [20] it can be seen that this system does not have
periodic orbits, and since PM is locally asymptotically stable, all trajectories with
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initial conditions P(0) and M(0) different from zero approach this equilibrium.
Therefore PM is globally asymptotically stable in � minus the subspace
P = M = 0.

The parameter RA defined in (8) can be interpreted as the average number of
eggs oviposited by a single mite that survives to the adult stage when the num-
ber of larvae and adult mosquitoes are at the equilibria P∗ and M∗, respectively.
Then, assuming that the mosquito population is at the equilibrium P∗

M, the con-
dition RA < 1 says that if the average number of adult water mites resulting
from a single mite is less than one, only the mosquito population can survive.

Inequality (8) can be reformulated in terms of RM, k1 and k2 as

k2 <
μA(σ + μL2)RM

qσ(RM − 1)

(
1 − s + μL1μMRM

αCM(RM − 1)

1
k1

)
, (11)

where s = φAσ
μA(σ+μL2 )

.

This implies that PM is stable in the region of the parameter space k1k2
below the hyperbola given by the right hand side of (11) which has asymptote

k̄1 = μA(σ+μL2 )RM

qσ(RM−1)
(1 − s). Note that this asymptote is positive for s < 1, and

negative for s > 1.

4 Coexistence equilibria

In terms of L1 and P, the coordinates M, W, L2, and A of the non trivial
equilibrium points of system (1) are given by

M = α

k1L1 + μM
P

W = k1α

μW(k1L1 + μM)
PL

L2 = k1α

(σ + μL2)(k1L1 + μM)
PL

A = σk1α

μA(σ + μL2)(k1L1 + μM)
PL.

(12)

Those equilibria have biological meaning for 0 < L1 < CA and 0 < P < CM.
Substituting (12) in the first and third equations of (1) and solving for L1, we
obtain after some manipulations that the solutions (P, L1) are the intersections
of the two curves L1 = f (P), L1 = g(P) given by

f (P) = μM(RM − 1 − RMP/CM)

k1[1 − rRM + rRMP/CM + αsk2P/φA(α + μP)] ,

g(P) = CA[αk1P(φA(s − 1) + sqk2P/CM) − φAμL1μM]
k1[αsP(φA + qk2P/CM) + CAφAμL1 ]

,

(13)

where r = φWμM
μWφM

≤ 1.
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If RM ≤ 1 then f (P) ≤ 0 for P ≥ 0, therefore RM > 1 is a necessary condition
for positive solutions of (13), and in the following we assume this.

Notice that f (P) ≤ 0 for P ≥ P∗, where P∗ is given by (2). If rRM < 1, the
denominator in the expression for f (P) is positive for all P ≥ 0. In this case
f (0) = μM(RM−1)

1−rRM
> 0, and f (P) is a decreasing function for P ≥ 0. If rRM ≥ 1,

lim
P→0+ f (P) < 0, and the denominator of f (P) has a root Pf ∈ [0, P∗). Further-

more, lim
P→P−

f

f (P) = −∞, lim
P→P+

f

f (P) = ∞, and f (P) is a positive decreasing

function for Pf < P < P∗.
On the other hand, it is easy to verify that g(P) has a positive root Pg, and

g(P) < 0 for 0 ≤ P < Pg. Furthermore, g(P) is positive and increasing for
Pg ≤ P, and lim

P→∞ g(P) = CA.

From the above analysis we conclude that f (P) and g(P) have a unique inter-
section 0 < L1 < CA if and only if Pg < P∗, which implies g(P∗) > 0. The last
inequality is equivalent to

RA = (φA + qk2P∗/CM)k1M∗σ
μA(k1M∗ + μL1)(σ + μL2)

> 1. (14)

Figures 2a and b show the intersection of f (P) and g(P) when r = 0.028 and
r = 0.1, respectively. In both figures μA = 0.01 day−1, μL1 = μL2 = 0.02 day−1,
k1 = 0.001 day−1, k2 = 0.005 day−1, q = 0.001, RM = 30 and CM = 1, 000
which implies P∗ = 967 and RA = 60.

We summarize the above results in the following theorem.

Theorem 1 System (1) has a unique coexistence equilibrium PMA given by the
solution of Eqs. 12 and 13 if and only if RM > 1 and RA > 1.

Then, if the average number of adult water mites resulting from a single mite
is bigger than one, the coexistence equilibrium is feasible, and the equilibrium
point PM is unstable. In the parameter space k1k2 the region of existence of PMA
corresponds the points (k1, k2) above the hyperbola given by Eq. 11 (Fig. 1).

Writing inequality (14) in the equivalent form

k1 >
μL1

M∗
(

(φA+qk2P∗/CM)σ
μA(σ+μL2 )

− 1
) = k∗

1, (15)

we obtain a lower bound k∗
1 of the rate of parasitism necessary for coexistence

of both species in terms of their demographic parameters and the rate k2 of
predation.

The parameter RW = rRM represents the number of adult mosquitoes pro-
duced by a parasitized mosquito. When r decreases it is expected that the
number of larvae P̄ (and consequently adult mosquitoes M̄ +W̄) decreases as it
can be seen in Fig. 2. However, in the same figures it is observed that the impact
of the reduction of r on the prelarvae water mites L̄1 is very small.
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Fig. 1 Regions of existence and stability of the equilibria PM and PMA in the parameter space k1
and k2 for different values of φA. a φA = 0.01 day−1, b φA = 0.02 day−1. The values of the other
parameters are given in Table 1

The equilibrium PMA could not be found explicitly and its local stability
is very difficult to determine since we must show that the eigenvalues of the
6 × 6 Jacobian matrix at PMA have negative real part. Nevertheless, the numer-
ical simulations suggest that this equilibrium is stable (see next section).

5 Numerical results

In this section we present some numerical results for model (1). In particular,
we are interested in the impact of predation and parasitism on the different pop-
ulations of mosquitoes and water mites. For this, we will vary the parameters



Modelling parasitism and predation 549

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

L 1
/C

A

P/CM

P*

f(p)
g(p)

0

0.2

0.4

0.6

0.8

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

L 1
/C

A

P/CM
Pf P*

f(P)
g(P)

a

b

Fig. 2 Coexistence equilibrium PMA given by the intersection of the normalized graphs of f (P)

and g(P) in the space (P/CM , L1/CA). (a) μW = 0.7 day−1, (b) μW = 0.2 day−1. The values
of the other parameters are φM = 5 day−1, φW = 1 day−1, φA = 0.75 day−1, μM = 0.1 day−1,
μL1

= μL2 = 0.02 day−1, μA = 0.01 day−1, k1 = 0.001 day−1, k2 = 0.005 day−1, q = 0.001,
CM = 1000, and CA = 100. In the graphs, Pf and P∗ are the zeros of the numerator and denomi-
nator of f (P) (see Eq. 13)

k1, k2 in the numerical simulations. In all cases the conditions for the coexistence
equilibrium PMA are satisfied.

The vital parameters of mosquitoes and water mites are given in Table 1, and
except for μW , they are in agreement with values reported in the literature for
Aedes aegypti mosquitoes (e.g. [5]) and for different kind of water mites [18]. We
assume that the carrying capacity of mosquitoes and water mites are the same
CM = CA = 100, μW is two times the natural mortality μM and q = 0.0005.
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Table 1 Parameter values for model (1)

φM φA μP μM μW μL1
μL2 μA α σ q CM CA

10 0.75 0.05 0.07 0.14 0.02 0.02 0.016 0.05 0.1 0.005 100 100

Units are day s−1 except for q, CA and CM

In Fig. 3 we show the temporal courses of the population sizes of P, M, W,
L1 and A, respectively, when the value of the parasitism rate k1 is equal to
0.001, 0.01, 0.1 and 0.9. When we increase k1 it is observed that the mosquito
larvae population P remains almost constant (Fig. 3a), but the population size
of healthy adult mosquitoes M initially decreases drastically and then stabilizes
to values that approach zero as k1 increases (Fig. 3b). On the other hand, the
parasitized mosquitoes W first increase and then decrease to an equilibrium as
it is shown in Fig. 3c.

Both populations of prelarva and adult mites approach the equilibrium val-
ues monotonically (Figs. 3d, e) for all values of k1. However, we notice that
the variation of the prelarva population with respect to k1 is very small, which
could be due to the fact that parasitic loads are limited by factors related to
searching time in the aquatic environment, and the specific place where they are
allocated on the host. The great increasing of the adult water mites is produced
by the combination of the entrance of larvae and the gaining due to parasitism
of mosquitoes.

In Fig. 4 we increase the values of the predation rate k2 from 0 to 0.9. We
notice that for k2 sufficiently big (k2 > 0.5) the population sizes of P, M and W
decrease drastically, and present damped oscillations around the equilibrium
(Figs. 4a–c). Water mites populations also decrease and have oscillations toward
the equilibrium, but the decrease observed in the prelarva population L1 is less
severe (Figs. 4d, e). The observed fluctuations result from predation of adult
water mites on mosquitoes as in the classic predator-prey model. However,
the great decrease of the water mite adults is due to the fact that larva water
mites can not become adults due to the reduction of mosquitoes by predation.
Since larva water mites are not predators of early stages of mosquitoes their
population size is not strongly affected.

We also carried out numerical simulation for different oviposition rates of
parasitized mosquitoes. We take values of φW that range from 0 to 7.5. In all
cases we did not find great differences in the sizes of the populations.

6 Discussion

Most of the studies in population dynamics of mites have been done on species
that are important for humans, as it is the case of ticks of cattle, mites predators
of other plague mites of different cultures, and ectoparasitic mites of bees like
Varroa jacobsoni. For water mites and their interaction with insects, these stud-
ies are scarce, being limited mainly to the determination of some demographic
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Fig. 3 Numerical simulations of system (1) for the parasitism rate k1 equal to i 0.001 day−1, ii
0.01 day−1, iii 0.1 day−1 and iv 0.9 day−1. The values of the other parameters are given in Table 1.
The initial conditions are P = 80, M = 60, L1 = 20 and A = L2 = W = 0

parameters. For example, there is evidence that parasitism of water mites on
Culicidae affects the metabolism of females of this species with consequent
reduction of their birth rate [11], however, there are no quantitative results and
only a few field and experimental observations show that the damage on the
mosquitoes population is not so strong to bring the mosquitoes to extinction.

On the other hand, there is a predator-prey relationship between water mites
and Culicidae since the larvae of this species are part of the potential food for
deutonymphs and adults of the water mites. Thus population dynamics of the
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Fig. 4 Numerical simulations of system (1) for the predation rate k2 equal to i 0.0 day−1, ii
0.001 day−1, iii 0.01 day−1, iv 0.5 day−1 and v 0.9 day−1. The values of the other parameters are
given in Table 1. The initial conditions are P = 80, M = 60, L1 = 20 and A = L2 = W = 0

water mites has a substantive dependency respect to the mosquitoes. Yet, the
measurements of how the predation by water mites affect the dynamics of
mosquito populations are insufficient.

The degree of temporal co-occurrence between mite larval and potential
mosquito host species in part explain the host preferences, but host species
could also differ in their susceptibility to parasitism when given equivalent
exposure to larval water mites [16].

Population dynamics of predators and prey, as well as of parasites and host
need additional information on population parameters. These can be obtained
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by sampling in the field and by experiments in the laboratory. It is clear that the
aquatic environment restricts possibilities for sampling and experimentation on
water mites. Nevertheless, the small size and short duration of the history life
of this population could allow a suitable design of experiments and sampling
adequate for the estimation of the parameters needed in population dynamics
models.

In this paper we propose and analyze a simple mathematical model for the
parasitism and predation relations between water mites and mosquitoes. These
ecological interactions are modeled by the mass action law. The model incorpo-
rates the larval and adult stages of the two population. We also include a class
of parasitized mosquitoes which has a lower birth rate and higher mortality rate
than healthy mosquitoes.

Under the biological assumptions given in Sect. 2 our model has three equi-
librium points. One corresponds to the absence of the two populations, and the
system evolves to that state if the basic offspring number of mosquito popu-
lation RM ≤ 1. When RM > 1 a second equilibrium PM emerges where only
mosquito population is present. The possible absence of water mites does not
alter the population dynamics of Culicidae, but the absence of the mosquitoes
is a limiting factor for water mites, since without mosquitoes they can not com-
plete their life cycle. For this reason there is not an equilibrium where only
water mites are present.

Stability analysis of PM reveals that this equilibrium is stable when the aver-
age number of water mites resulting from a single water mite is less than one
(RA < 1). When the conditions of stability of PM not longer hold, we found an
interior equilibrium where two species coexist. The behavior of the populations
can be interpreted in terms of the region of existence of equilibria with respect
to k1k2 given in Fig. 1. If the oviposition rate of water mites φA times the frac-
tion of larvae that survive to the adult state is less than the mortality rate μA
(or equivalent s < 1), the water mite population would not be able to survive
for low predation rates k2, no matter the value of the parasitism rate k1 and the
initial state of the population. Moreover, high rates of predation will drive the
system to coexistence of the two population even for low rates of parasitism
(Fig. 1a). If s > 1, coexistence can be reached even in the absence of predation
if parasitism is sufficiently high (Fig. 1b). In either cases we could conclude that
the dynamics of mosquitoes and water mites populations are more sensitive to
predation than to parasitism in the sense that for any value of k1, it is enough
to increment k2 sufficiently to enter to the coexistence region.

Predation could increase the fertility rate, then giving the opportunity to the
water mite population to increase. If in the absence of mosquitoes the basic
offspring of water mites is bigger than one, predation is not essential to their
survival. This result is in agreement with the fact that mosquitoes are not the
only food source of water mites (other sources can be microcrustaceans or other
species of mites [18]).

In the numerical simulation shown in Sect. 5 we observe that moderate rates
of predation and high rates of parasitism drive the total population sizes of water
mites and mosquitoes to an equilibrium that is far from zero (see Fig. 3). On the
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contrary, the populations of larval and adult mosquitoes as well as adult water
mites tend to levels very close to zero as the predation rate increases (Fig. 4).
Then, for hight rates of predation, small fluctuations of the environment could
drive both population to extinction. It seems that in terms of the population
sizes of water mites and mosquitoes, parasitism is an ecological interaction more
stable than predation.

Some biological studies suggest that water mites species could be a poten-
tial biological control of mosquitoes populations. In [16] it is mentioned that
Arrenurus mite parasitism has a significant detrimental effect on certain Aedes
species of mosquitoes that are common in Canada. Mite genera predators of
mosquitoes that could be biological controls are Limnesia that consume large
amounts of mosquito eggs and Piona that is a voracious predator of mosquito
larva [15].

Several aspects of the biology of water mites must be considered to eval-
uate them as possible control agents of mosquitoes. The main consideration
is the impact of an individual mite: how many prey a predator can consume, or
the extent of detrimental effects of a parasite on its hosts. Other aspects include
the water mites reproductive rate, dispersal efficency, host or prey specificity,
and distribution relative to mosquitoes.

In spite of the biological research on this subject, systematic studies about
the extent of the impact of water mites on mosquito population that could be
used as a basis for a control program are still scarce and fragmentary. We think
that mathematical models jointly with experimental data could be a powerful
tool to address important questions concerning the dynamical interactions of
water mites and mosquitoes, and to assess the effectivity of biological control
of mosquitoes using water mites.
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