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Abstract

Subpopulations of organisms in different habitat patches may differ from each other in biotic (e.g., inherent growth rate and
interaction strength) and abiotic (e.g., climatic and landscape pattern) components. Such heterogeneity can influence the mode
and extent of dispersal of individuals among these subpopulations, which, in turn, may regulate their spatiotemporal dynamics.
We have modelled a homogeneous metapopulation of the interacting host and parasite system, with closed boundary and dispersa
limited to nearest neighbours, using the spatially explicit coupled map lattice approach. We have studied the role of heterogeneity
interms of landscape fragmentation and demographic heterogeneity on the spatiotemporal dynamics. The homogeneous metapop
ulation shows spatiotemporally synchronous dynamics in the long-term, which is independent of the exact forms of the dispersal
function considered commonly. The primary role of both types of heterogeneity is to resist evolution of spatiotemporal synchrony
in the lattice, and the dynamics in the metapopulation remains asynchronous for a very long time. Spatiotemporal synchrony in
species population may be detrimental to persistence and is a potential problem for conservation biologists. Thus, evolution and
maintenance of ecological and demographic diversity in nature seem to aid in species persistence at a metapopulation level.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Landscape fragmentation; Asynchrony; Demographic heterogeneity; Coupled map lattice; Dispersal

1. Introduction assume larger importance in the metapopulation con-
, . text. The classical model to study the growth of
In nature, a metapopulation consists of SUbpOPU- the interacting host (H) and parasite (P) populations

lations having non-identical behavioural and demo- (\jicholson and Bailey, 1935is inherently unstable
graphic properties, and occupying habitats of variable 4., extinct-prone. Some studieddy, 1978; Reeve,

extent/quality and connectivity. Functional dynamics 1989 aimed at resolving this stability problem, have
of those species, which have the capability to induce ¢ynsidered the effect of environmental variability on
damage to other species (e.g., a parasite or pathogen)persistence of a “population” of sub-populations of

these H-P models. These studies considered the sta-
* Supplementary data associated with this article can be found, tistical aspect of the stability of the H-P dynamics
in the online version, at doi:10.1016/j.ecolmodel.2004.04.031. rather than the effects of variable environment on the
T; ?i’;ifﬁg_”zd;zgzggg% L60229X2588/2786: spatiotemporal pattern formation and dynamics. Later
fax: +91-40-27160591/27160311. studies Hassell et al.,, 1991, 1994; Comins et al.,

E-mail address; sinha@ccmb.res.in (S. Sinha). 1992 used the spatially extended models of the H-P
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system and showed that, when individuals are allowed tion has all nodes occupied by identical H—P subpop-
to disperse to neighbouring patches, the ensembleulations having same demographic parameters and
of populations could survive. Though the natural re- same number of neighbours. Our results show that the
source heterogeneity has been expressed in terms ofong-term dynamics in the homogeneous metapop-
patches in these models, however, the distribution of ulation tend to synchronise across space and time
these patches and the biotic (e.g., the growth rate of with all subpopulations exhibiting the same dynam-

hosts, or the attack rate of parasites) and abiotic (e.g.,ics at the same phase, irrespective of the two types
climatic factor, landscape quality, etc.) components of dispersal function considere&dle et al., 1992a;

of the environment are homogeneous.

The influence that local population dynamics with
limited dispersal in space exert in inducing global spa-
tiotemporal patterns in metapopulation is of ecolog-
ical interest §inha and Parthasarathy, 1996; Tilman
and Karieva, 1997; Parekh et al., 1998here is some
empirical evidence that animal populations fluctuate
in synchrony over a large geographical aréfoyd
and May, 1999; Ims and Andreassen, 20@hd some

recent studies have given migration as a plausible ex-

planation for such patternfénta et al., 1997; Lande
et al., 1999; Paradis et al., 1999; Engen et al., 2002
The importance of spatial synchrony may be different
for different interest grouparn et al., 199)7 For ex-

Hassell et al., 1995 Two types of heterogeneity are
considered for studying their role on metapopulation
dynamics. In the metapopulation context, landscape
heterogeneity arising due to fragmentation of habitat,
introduces variability in the number of neighbouring
subpopulations to which dispersal can take place.
Our results show that, even low amount of landscape
heterogeneity destroys the spatiotemporal synchrony
in dynamics and persistent global spatial pattern is
observed. For demographic heterogeneity, subpopu-
lations with phenotypic variability in hosts and par-
asites Chesson and Murdoch, 1986; Reeve, 1988;
Pascual, 1993; Pascual and Caswell, J9%&¢ con-
sidered, where the host population faces variable risk

ample, spatial synchrony (in a species population) may of parasitism in different patches due to variability
be a potential problem for local and global persistence in the parasite attack rate. Our results show that this
of any population and thus are important for conserva- parametric heterogeneity also induces asynchrony

tion biologists Allen et al., 1993; Bolker and Grenfell,
1996; Heino et al., 1997; Earn et al., 2000Though

in spatiotemporal dynamics that persists for very
long time in a non-fragmented metapopulation, even

there have been discussions in support of the inclusion though asymptotically the dynamics may synchronise

of habitat patchiness in various population modelling
approached(oyd, 1995; Mills and Getz, 1996; Keitt,
1997; Ziv, 1998; Plotnick and Gardner, 2Q08ttle

as is observed for the homogeneous metapopulation.
Both demographic and environmental heterogeneity
are omnipresent in nature, and our results indicate that

progress has been made to explore the role of differenteven low levels of variability help induce persistent
biotic and abiotic factors such as, spatial heterogeneity asynchronous spatiotemporal dynamics in metapop-

in habitat quality, connectivity among patches regulat-
ing dispersal, and demographic variability among pop-
ulations, on the long-term spatiotemporal dynamics in
metapopulationEngen et al., 2002 These are impor-

ulation. Since it is believed that transient dynamics
(with a long time scale) in discrete time ecological

systems may be more relevant than their asymptotic
behaviour Hastings and Higgins, 1994 evolution

tant in the present scenario of ongoing destruction and and maintenance of heterogeneity in nature is indica-

fragmentation of natural landscapegdilanen and
Hanski, 1998. Our goal, in this paper, is to study a
spatially explicit model of the host—parasite metapop-
ulation to address some of these open questions.

A H-P metapopulation is modelled using the cou-
pled map lattice (CML) approachKéneko, 1992,

tive of the positive role that habitat and phenotypic
diversity may play in species survival.

2. Models and methods

where each lattice node represents a single subpopu-2.1. The host—parasite model

lation of the host—parasite syste®ole et al., 1992a;
Parekh and Sinha, 20pvith dispersal occurring to

The modified H-P modelSple et al., 1992ais

the nearest neighbours. A homogeneous metapopula-given by
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Hiy1 = f(Hy, Py) = uH, (1 — H;) exp[-BP], 1
Piy1 = g(Hy, P;) = H,(1 — exp[-BP)) (1) 0.8

HereH, andP; are the sizes of the host and parasite HU-ﬁ
(or, parasitoid) population at generatibrespectively. 048
In the absence of parasite, the host has logistic growth
function and can exhibit a variety of dynamics, from
equilibrium to chaos through period-doubling bifur- 0
cations, with increasing intrinsic reproductive rate .
(May, 1976. The parasite grows only in presence of 0.4
the host. The searching efficiency of the parasite to 4
attack the host is represented By and expfSP;] P
is the fraction of the host population that escapes 92
parasitism.Fig. 1 shows the long-term population 1|
dynamics of the H-P system for different parasite

searching efficiencyg, when the intrinsic growth rate 0 2 3 4B 5 6 7
of the host is chaotic, i.ey = 4. The bifurcation dia- .

grams Fig. 1a and bshow that increasing can lead (©)

to a variety of population dynamics of the host and

parasite. At very low values o# (<1.67), the para- I I

Mf'“”l“”'”‘

f
1
|H|

site does not survive and the host dynamics remains || |
chaotic. Beyond a threshofél both the host and par- H
asite exhibit equilibrium dynamics and the parasite
population increase reducing the host population size
with increasings. At higher g, the dynamics becomes 0
complex and the population exhibits quasi-periodic

to chaotic dynamics through higher period oscilla-
tions. The time series of the host population showing
quasi-periodic dynamics fof = 4 and chaotic dy- H |
namics forg = 5 are shown irFig. 1c and d

1 1]
|IM[ "\’l'
‘:_H‘ |ll}l \|

ANVAATTAY LI
IR
;‘L"Ja'v‘.-'*JLJ'%;h"\'L'u‘JJu'MJ\-'\.'u:.‘L'u:Uw,'

2.2. The host—parasite metapopul ation model 0 55 TR 155 00

The closed boundary H—-P metapopulation is mod-
elled using the CML formalism where the land- Fig. 1. Dynamics exhibited by a single host-parasite population.
scape is described by a one-dimensional (1D) or Bifurcation diagrams of the (a) host and (b) parasite populations
two-dimensional (2D) lattice with zero flux boundary with increasing searching efficiency of the parasiteTime series

L. N . . . of the host showing (c) quasi-periodic dynamics fo= 4, and

conditions. Each S|te_ in the lattice is o_ccu.plled by a (d) chaotic dynamics fop — 5.
H—P subpopulation given byq. (1)whose individuals
are capable of dispersing to theneighbouring sites.
This mesoscopic formalism gives a better description, diffusion (as in reaction diffusion systems). The mode
compared to the coarse-grained partial differential of dispersal of individuals can be of different types
equation approach, in the metapopulation context as depending on the life history of the species. In ecolog-
the subpopulations are spatially localised and the ical literature, primarily two schemes have been used
species have temporally discrete growth and dispersal.for modelling dispersal between sites in the CML. The

Migration/dispersal of individuals between neigh- ‘“intra-generation” dispersal, termed dgpe | here,
bouring subpopulations in the CML formalismis mod- considers the growth process and dispersal to occur
elled using the discretised Laplacian operator for the simultaneously $ole et al., 1992a;550le and Valls,
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1992; Bascomte and Sole, 1994vhich is unrealis-
tic for discrete generation populations. The size of the
H-P subpopulation at the sitgk) in a 2D lattice fol-
lowing Type | dispersal is given by

dl
Hl+l(j1 k) = f(Hlv P[) + ;{H[(‘] - 1» k)
+H(j+ 1k + H(jk—1)

+H(j, k+1) —m(H(j, k))} (2a)
, d2 .
Pria(j, k) = g(Hy, Pr) + Z{PI(./ -1,k
+P(G+1L )+ P(j k=1
+ Pi(j, k+ 1) — m(P:(j, k))} (2b)

Except for the no-flux boundary sites,= 4 here. The
dispersal coefficients of the host and the parasite are
d1 andd2 respectively.

The biologically meaningful “inter-generation” dis-
persal, termed aB/pe I, has two consecutive discrete
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parameterg andp. Comparison of the dispersal terms
in Eq. (2a)—-(2bandEq. (3a)—(3dshows that inType
Il dispersal the phenomena of growth and dispersal are
two independent procedures carried out successively
leading to sequential repetition of the two processes.
ThusType dispersal is linear, whereas Type |l entails
non-linear transformation&kéneko and Tsuda, 20R0
Two types of heterogeneity have been considered in
the model metapopulatiohandscape heterogeneity is
simulated in lattices where certain fraction of the total
sites is randomly chosen to be “vacant” (no popula-
tion growth or dispersal here) in the beginning of sim-
ulation. This leads to subpopulations in sites that do
not have the same neighbourho@kmographic het-
erogeneity is introduced by randomly choosing some
sites in a homogeneous metapopulation to have para-
site subpopulations with different searching efficien-
cies (8). For simulations, metapopulation lattices of
sizeL = 50 (one dimensional) and x L = 50 x 50
(two-dimensional) are considered. The initial host and

growth generations separated by an event of dispersalparasite populations are chosen randomly from€.3

of individuals to the neighbouring sitekléssell et al.,
1991, 1994; Rohani and Miramontes, 1995; Ruxton
and Rohani, 1996; Heino et al., 1997; Savill et al.,
1997. The post-dispersal host() and parasite #;)
population sizes at sit¢ K) are

dl
H/(j, k) =1 —d1)H(j. k) + Z{Ht(j -1,k
+H(j+ 1Lk + H(j,k—1)

+ H(j k+ D)} (3a)
i : a2 .

+P(j+ Lk + P(jk—1)

+ P,(j, k+ 1)} (3b)

whereH; and P; are the pre-dispersal host and para-
site densities in generatian These dispersed adults
reproduce locally at the site accordingEqg. (1)and
population size#d; 1 andP; , 1 at the next genera-
tion are given by

Hl+1(j’ k) = f(Ht/r Pt/)
Pt+l(jv k) = g(Ht/’ Pt/)

In a homogeneous metapopulation, all sites are occu-
pied by subpopulations that have the same population

(3¢)
(3d)

Ho(j,K), Po(j,k) < 0.4. In the case of host, all sites ex-
cept the vacant sites are seeded initially, but parasite
population is distributed only to few randomly selected
sites (e.g., 10 pairs gfandk). We have studied the
long-term host—parasite distribution on a large num-
ber of lattices by varying the initial random parasite
distribution, and considered up to®l@enerations (af-

ter discarding the initial 5000 generations) for making
inferences.

3. Results
3.1. Dynamics of the homogeneous metapopulation

Both 1D (Fig. 2A) and 2D Fig. 2B) homogeneous
H—P metapopulations are studied to find if the Type
| and Type Il dispersals have any differential effect
on the spatiotemporal dynamicsig. 2A shows the
space—time plot for 20 generations (after discarding
transients) of the host for the two types of dispersal to
the two nearest neighbours. It is clear that all subpop-
ulations are synchronised in phase to exhibit identical
dynamics in host (and parasite) population across the
landscape for both types of dispersal.

In the 2D metapopulations, 100 simulations were
performed for each type of dispersal with random
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Fig. 2. (A) The long-term space—time plot for the host on sites 11-40 in a 1D H-P metapopulation with (a) Type |, and (b) Type Il
dispersal. The grey scale indicates the host population size at each sitd.0, 8 = 4.0,d1 = 0.2,d2 = 0.1. (B) Spatiotemporal dynamics

of host populations in sites 11-40 of the middle row in a 2D H-P metapopulation. The left panels show the variation in population size
for 15000 generations, and the right panels are for the last 50 generations when the dispersal is—(a) and (b) Type I; (c) and (d) Type II.

Parameters arex= 4.0, 8 = 4.0,d1 =0.2,d2 = 0.1.

variation in the initial parasite distribution. Both dis-
persal schemes showed primarily synchronised lat-

tiotemporal patterns were very persistent in time. This
is also clear fronFig. 4 where, even after Pogener-

tices, but in few cases it was asynchronous and showedations, 13 out of 200 lattices remained asynchronous

spatial structures. The time evolution of the host sub-
populations, in the 25th row of a synchronised 2D
lattice, is compared iRig. 2Bfor both types of disper-
sals. Though there is difference in the time taken for
populations to reach synchrony in the two dispersal
schemesKig. 2B(a and c)), the long-term behaviour is
the same in both casdsig. 2B(b and d) and Column 1

of Table J). Fig. 3ashows the commonly observed spa-
tially synchronised 2D lattice for the host, aRi. 3b

is an example of the rare asynchronous lattice with sta-
ble spiral pattern for Type | dispersal. In the few cases
where the dynamics was asynchronous, there was
slight difference for the two dispersal schemes—fully
grown spirals for Type | and broken spirals for Type
Il dispersal. Though rare in occurrence, these spa-

Table 1

Comparison between the two types of dispersals on the syn-
chronicity of the long-termt(= 10°) spatiotemporal dynamics in
metapopulations

Dispersal type Homogeneous lattice Vacancy
5% 10%

Type | 93 7 0

Type Il 71 8 1

One hundred cases of random initial parasite distribution (at 10
sites) are studied for each dispersal type.

in their spatiotemporal dynamics for the 0% vacancy
case. Thus, the homogeneous H-P metapopulation
primarily exhibit coherent spatiotemporal dynamics
irrespective of the type of dispersal considered.

There are many mechanisms for spatial pattern
formation in non-equilibrium systemsCfoss and
Hohenberg, 1993 In continuous Reaction Diffusion
systems, spatial patterns arise due to Turing instabili-
ties (Turing, 1952; Murray, 1980when the inhibitor
species diffuse faster than the activator species. The
mechanism of spatial pattern formation in excitable
media has been applied to many biochemical and
biological processes such as, Belousov—Zhabotinsky
reactions, Slime Mould aggregation, and cardiac
rhythm (Keener and Sneyd, 1988The evolution of
spiral wave like pattern is generic in spatially ex-
tended systems where local oscillatory dynamics is
coupled to diffusion. In a small lattice with no-flux
boundary conditions (as the one used here) the spa-
tial pattern is unlikely to be stable over long time as
during the evolution of the host and parasite popu-
lation many such spirals are formed in space, which
generally disappear when the tip touches the bound-
ary or by annihilation of two spirals. However, a few
of the spirals within the lattice tend to stabilise. In
larger lattices more spirals are observed and many
take longer to disappear also. It has been shown by
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Fig. 3. Spatial abundance pattern in the host populations in a 2D H—P metapopulation, with Type | dispees@58&00. The parameters

aredl =0.2,d2 = 0.1, x = 4, andg = 4.0. Homogeneous lattice: (a) synchronised dynamics and (b) spiral pattern; (c) and (d) landscape

heterogeneity (5% vacant sites); (e) and (f) parametric heterogeneity (5% siteg ka®® shows asynchronous spiral pattern.

Earn et al. (2000}hat if the local dynamics of the

spatially extended system (e.g., CML) is equilibrium,
periodic or quasi-periodic, then it can show spatial
synchrony. For local chaotic dynamics spatial turbu-

of the dispersal coefficients in the formation of dif-

ferent types of spatial patterns in another model of
the host—parasite CML. The difference in the host and
parasite dispersals can induce “lags” or “leads” in one

lence is expected and our results, with homogeneousof the populations that help in setting up of spiral like

metapopulation, also show similar results.

The dispersal coefficients have important role in
spatial pattern formation. In a recent pap@jofnstad
and Bascompte, 200have succinctly shown the role

200

{in 200 cases)
- -
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g8 &
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t
(=]
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% of vacant sites in the (50x50) lattice

o

Fig. 4. Effect of increasing number of vacant sites on the long-term
(t = 10°) spatiotemporal pattern of the H-P metapopulation. At
each vacancy level, 200 different vacancy patterns in the lattice
landscape are studied. Parameters dire= 0.004,d2 = 0.8, u

=4, andg = 4.0.

spatial structures. In the long run and in a small lattice
with zero-flux boundary most of these patterns tend to
disappear as shown by our results. The two types of
dispersal are expected to show slight variation in the
spatial pattern as Type Il amplifies the initial fluctu-
ations (intrinsic “noise” §hnerb et al., 20QDin two
steps and larger number of spatial structures are ob-
served in the homogeneous case as sedilife 1

3.2. Dynamics of the heterogeneous metapopulation

3.2.1. Landscape heterogeneity

Heterogeneity in the landscape is simulated by ran-
domly introducing vacant sites in which the host and
parasite species do not grow or disperse. Due to this
heterogeneity of the landscape, different subpopula-
tions on the lattice may have different number of in-
teractive neighbours. The average effect of increasing
landscape inhomogeneity (i.e., increasing vacancy in
the lattice) on the spatiotemporal synchronicity of the
metapopulation dynamics is shownkhig. 4. Increas-
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ing amount of fragmentation in landscape clearly re- such as, fragmentation of landscape, or inhomoge-
sults in decrease in synchrony in the spatiotemporal neous distribution in demographic parameters, can
dynamics. Only 12 or 13 uninhabitable sites (0.5% va- lead to asynchrony in spatiotemporal dynamics in the
cancy) lead to asynchrony in more than 50% of the host—parasite metapopulations.
metapopulations. At 5% vacancy level, only 13 out = The existence of spatial heterogeneities (landscape
of 200 cases showed synchronisation in dynamics—a or parametric) can lead to different types of local
complete reversal of the homogeneous lattice situa- anisotropies that act as “defects/disorders” inducing
tion where only 13 cases showed asynchronous be-synchronisation failure in lattices. For example, a va-
haviour! Table 1also shows that the probability of cant site can be a quenched disorder and can act to
having synchronisation in spatiotemporal dynamics in “pin” the core of the spiral making it robust and de-
the metapopulation decreases rapidly with increasing creasing the frequency of spiral annihilation. This in-
extent of random vacancy, irrespective of the type of creases the possibility of spatial asynchrony even in
dispersal. The spatial abundance pattern of the hostsmall lattices where the spirals tend to persist for
in metapopulations with landscape heterogeneity are longer time. Parametric inhomogeneity induces differ-
shown inFig. 3c and dor the same initial conditions  ence in the local dynamics between neighbouring sites
and time as shown ifig. 3a and kfor the homoge- thereby inducing spatial asynchrony in pattern. This
neous lattice. In both cases, the lattices show persistentacts like phase defect and hence the induced pattern is
asynchronous dynamics indicating that fragmentation also different than the ones induced by quenched va-
of landscape introduces asynchrony in spatiotemporal cancies where the structured spirals get pinned easily
dynamics in metapopulations. and multi-arm spirals are also observétb(den et al.,
Though not shown here, but the parasite popula- 1991).
tion in the lattice follows similar long-term patterns
as the host but with phase lags. As the parasites dis-
perse in the lattice from the few initial sites during the 4. Discussion
simulation, the host—parasite interactions give rise to
localised variations in the populations (depending on  Since homogeneity in both neighbourhood and be-
the dispersal rates). In the long-term the parasite pop- havioural parameters among the subpopulations in a
ulation also shows synchronous/asynchronous spatialmetapopulation does not capture the patchiness of the
dynamics similar to the host, with the host and par- real world, the primary concern of this paper is to ad-
asite population sizes varying between 0.2-0.7 and dress the role of realistic ecological and behavioural
0.1-0.35 respectively, for the parameter values chosen.features such as, landscape and demographic het-
erogeneity, in the spatiotemporal dynamics of H-P
3.2.2. Parametric heterogeneity metapopulation. Our results show that, in a homoge-
For incorporating parametric heterogeneity, a fixed neous metapopulation, host and parasites in all sites
percentage of the total sites (subpopulations) in a tend to synchronise their population dynamics in both
homogeneous H-P metapopulation are randomly space and time and the population sizes vary perfectly
selected to have parasites with higher searching ef- in phase. We have done simulations with a large range
ficiency (8 = 5) than the parasites in the other sites of parameter values—for the host growth raje’,”
(B = 4). Fig. 3e and fshows the two homogeneous parasite searching efficiency", and dispersal rates
landscapes as irfF{g. 3a and Iy except that 125 (i.e., dl1 andd2. Our study, along with other&érn et al.,
5%) randomly chosen sites have parasite subpopu-2000, shows that all parameters that lead to local
lations with 8 = 5. This heterogeneity in parasite equilibrium, periodic and quasi-periodic dynamics
behaviour has a startling effect on the spatiotemporal (seeFig. 1), the CML dynamics is predominantly syn-
dynamics of the metapopulatioRig. 3e and fshow chronised. The effect of the dispersal coefficients on
that parametric heterogeneity resists spatiotemporalthe spatiotemporal patterns in the homogeneous HP
synchrony in the homogeneous metapopulation and CML is similar to what was obtained b$ole et al.
spatial structures persist for very long time. Thus, our (1992a, 1992h)though longer temporal evolution in
results show that introduction of any heterogeneity small lattices with no-flux boundary conditions leads
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to eventual synchronisation in largdt-d2 parameter  creases the risk of extinction under both local and
space. Our results show that this synchrony is broken global environmental disturbanceslien et al., 1993.
leading to persistent spatial patterns on introduction Asynchronous fluctuations among the subpopulations
of both spatial and parametric heterogeneity. distributed over a geographical region is supposed

Increasing heterogeneity in the metapopulation, to help in persistence of a metapopulatidrukton,
both in terms of fragmented landscape and demo- 1994; Heino et al., 1997; Lloyd and May, 1999
graphic variability in the life history parameters of Our theoretical results on evolution and maintenance
the interacting species, increases asynchrony in spa-of spatiotemporal asynchrony in population size in
tiotemporal dynamics in the metapopulation. There a metapopulation due to heterogeneity in landscape
is a large literature on modelling different aspects and demographic/behavioural variability in subpopu-
of habitat fragmentation using different approaches lations is significant, because both are present in real
(e.g., seeHanski and Ovaskainen, 200@ur results ecological situations. In other words, our theoretical
show that the dynamical effect of loss or alteration of results show that heterogeneity in space and pheno-
connectivity among subpopulations due to landscape typic diversity in species clearly reduce the risk of
fragmentation not only resist synchronisation in the population extinction, thereby indicating that ecologi-
population dynamics across the landscape, they alsocal and demographic heterogeneity may have indirect
reinforce the self-organisation of the spatial patterns adaptive value.
of hosts and parasites allowing this asynchrony to
persist for long time (e.g., f0ogenerations). Such
a transient phase for extended period can be more Acknowledgements
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